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PREFACE

There are currently numerous environmental problems,
such as global climate change and atmospheric deposition,
which threaten the health of forest ecosystems (Aber et al.
1989, Melillo et al. 1989, Schulze 1989, Lovett and Kinsman
1990, Zottl 1990, Dixon and Turner 1991, Aber 1992, Blank et
al. 1992, Field et al. 1992).

To assess and predict the

impacts of disturbance factors more accurately, it is
critical to gain a holistic understanding of ecosystem
structure and function (Aber et al. 1989, Aber and Melillo
1991).

In pursuing this objective, fine roots remain one of

the most important and difficult components to study
(Persson 1990, Aber and Melillo 1991, Mackie-Dawson and
Atkinson 1991).
Fine roots constitute a large and dynamic component of
the carbon and nutrient cycles in forest ecosystems (Meier
et al. 1985, Nadelhoffer et al. 1985, Aber and Melillo 1991,
Arthur and Fahey 1992).

Despite their importance, however,

numerous conceptual and methodological problems, such as
determining what constitutes a fine root, what assumptions
may be made regarding their dynamics, and how these dynamics
are best measured have hindered the investigation of the
controls and patterns of fine root dynamics (Kurz and
Kimmins 1987, Santantonio and Grace 1987, Sala et al. 1988,
vi
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Persson 1990, Mackie-Dawson and Atkinson 1991).
The studies comprising this dissertation were designed
to assess the effects of nitrogen availability on fine root
dynamics since this nutrient is generally the most limiting
to production in boreal, temperate, and some tropical forest
ecosystems (Boring et al. 1988, Cuevas and Medina 1988, Aber
and Melillo 1991).

Chapter one, which was published in the

May 1993 issue of Trends in Ecology and Evolution (Hendricks
et al. 1993), presents a general theory regarding nitrogen
availability and foliar dynamics which has served as model
for formulating and designing the fine root studies in this
dissertation.

Chapter one also reviews and critically

evaluates existing data pertaining to fine root production
and turnover along nitrogen availability gradients, and it
outlines important questions for future research.

The

chapters that follow report the findings of studies designed
to assess some of these important questions, particularly
those pertaining to fine root turnover and tissue chemistry.
Chapter two describes a new 15N tracer technique for
assessing fine root turnover, and presents the results of a
pilot study (conducted in the Harvard Forest red pine (Pinus
resinosa Ait.) chronic nitrogen addition plots, Petersham,
Massachusetts) designed to assess the potential of this
technique for future development and application.

Chapter

three evaluates the patterns and controls of red spruce
(Picea rubens Sarg.) and balsam fir (Abies balsamea (L.)
vii
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Miller) fine root and foliar tissue chemistry along a
regional nitrogen deposition gradient in the northeastern
United States.

Fine root turnover and tissue chemistry also

were assessed along nitrogen availability gradients in a
wide variety of Wisconsin coniferous and deciduous forests
to determine if the patterns and controls observed within
species also applied among species, and the results of this
study are reported in Chapter four.

In addition, the

appendices provide the results of temporal assessments of
fine root standing biomass and tissue chemistry in the
Harvard Forest chronic nitrogen addition plots and the
University of Wisconsin Arboretum.

The final chapter

summarizes the major findings of these studies and outlines
additional questions that must be addressed in order to
achieve a sound understanding of the role of fine roots in
the structure and function of forest ecosystems.

viii
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ABSTRACT

ASSESSING THE EFFECTS OF NITROGEN AVAILABILITY ON FINE ROOT
TURNOVER AND TISSUE CHEMISTRY IN FOREST ECOSYSTEMS
by
Joseph Jefferson Hendricks
University of New Hampshire, September, 1994
The patterns and controls of fine root (i.e., non-woody
roots generally < 0.5 mm and 1 mm in diameter for deciduous
and coniferous species, respectively) turnover and tissue
chemistry were assessed along artificial and natural
nitrogen availability gradients within and among forest
ecosystems.

Fine root turnover rate and chemical

composition were generally strongly correlated with nitrate
availability indices.

A pilot study using a new 1SN tracer

technigue suggested that turnover rates increased with
nitrate availability in a red pine IPinus resinosa Ait.)
stand and indicated that this turnover assessment technique
may avoid the major limitations which hinder existing
methods.

Assessments of fine root total non-structural

carbohydrate concentrations suggested that turnover rates
also increased with nitrate availability across temperate
coniferous and deciduous forest ecosystems.
Surveys of fine root chemistry (i.e., carbon-fraction
and nitrogen concentrations) indicated that nitrogen
concentrations generally increased while lignin (average of
xvii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

48.8 + 3.0 percent for all species and sites) remained
relatively constant along nitrate availability gradients
within red pine and red spruce (Picea rubens Sarg.)-balsam
fir (Abies balsamea (L.) Miller) ecosystems, as well as
among temperate coniferous and deciduous forest types.

As a

result, fine root lignin:N was inversely correlated with
nitrate availability within and among forest ecosystems.
The results of these studies combined with the findings
of previous assessments in these sites indicate that fine
root and foliar production, turnover (for the foliage of
coniferous species), and potential decomposition (via
increases in fine root nitrogen concentrations and decreases
in foliar lignin concentrations) rates are positively
correlated within and among forest types.

In turn, this

direct relationship suggests that both the fine root and
foliar systems exhibit positive carbon and nutrient cycling
feedbacks with nitrogen availability in forest ecosystems.

xviii
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CHAPTER I

ASSESSING THE ROLE OF FINE ROOTS IN CARBON AND NUTRIENT
CYCLING

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

2

Introduction

Fine roots remain one of the most difficult and
important areas to study in terrestrial ecosystems
(Santantonio and Grace 1987, Aber and Melillo 1991,
Nadelhoffer and Raich 1992).

Recent investigations have

focused on carbon and nitrogen balances to assess their
dynamics in natural systems (Nadelhoffer et al. 1985, Raich
and Nadelhoffer 1989).

The results of these new, system-

level, budgeting approaches together with those of the more
conventional biomass measurement methods may provide
valuable insight into fine root carbon and nutrient cycling
dynamics (Nadelhoffer and Raich 1992).

In turn, these

findings may facilitate a more holistic understanding of
ecosystem structure and function which is critical for the
assessment and prediction of disturbances to terrestrial
systems (Aber and Melillo 1991).
Although it is well established that fine roots are a
major component of carbon and nutrient cycling in
terrestrial ecosystems, it is critical to gain an improved
understanding of the rates and controls of their dynamics
(Nadelhoffer et al. 1985, Santantonio and Grace 1987, Vogt
et al. 1987, Raich and Nadelhoffer 1989, Aber and Melillo
1991).

Recently developed elemental budget techniques

overcome many of the methodological problems that have
limited conventional methods and provide a new perspective
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on fine root carbon allocation and utilization patterns
(Nadelhoffer et al. 1985, Raich and Nadelhoffer 1989, Aber
and Melillo 1991, Nadelhoffer and Raich 1992).

The

objectives of this review are to evaluate methods for
studying fine root dynamics, to assess the findings of these
methods, and on the basis of this assessment, to proceed
toward a synthesis of current insight into the role of fine
roots in carbon and nutrient cycling.
Various factors influence fine root carbon allocation
and utilization.

This review, however, focuses on nitrogen

availability because this nutrient is generally most
limiting to production in boreal, temperate and some
tropical ecosystems (Cuevas and Medina 1988, Aber and
Melillo 1991).

Foliage-nitrogen interactions

A generalized theory of foliage-nitrogen interactions
may serve as a framework for reviewing literature concerning
the effects of nitrogen availability on fine root dynamics
(Figure 1.1) (Mooney and Gulmon 1982, Aber and Melillo
1991).

As site quality improves, canopy photosynthesis

increases via increases in foliar nitrogen and/or in leaf
area.

As a result, leaf tissues have shorter carbon repay

periods (i.e., the time required to achieve a net positive
carbon balance), and, in turn, invest less in anti-herbivore
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compounds such as lignin, astringent phenolics, and
terpenes.

This translates into shorter foliar retention

times (for evergreens), which, in association with reduced
nutrient retranslocation efficiencies, results in the
deposition of more readily decomposable leaf litter to the
forest floor, thereby completing a positive feedback loop
for this system (Mooney and Gulmon 1982, Aber and Melillo
1991).

A critical question for terrestrial ecosystem energy

and nutrient cycling assessments is: Do the same patterns of
carbon allocation and utilization apply to fine roots?

Hypotheses of fine root carbon allocation patterns

Two contrasting hypotheses regarding the effect of
nitrogen availability on fine root carbon allocation have
evolved.

One hypothesis is that the relative proportion of

carbon allocated to fine roots decreases as nitrogen
limitation decreases, and that fine root longevity or
turnover rate is not significantly influenced by nitrogen
availability or site quality (Figure 1.2a) (Keyes and Grier
1981, Vogt et al. 1987, Gower and Vitousek 1989, Vogt et al.
1990, Gower et al. 1992).

This response may be considered

energetically advantageous as the cost of investing large
amounts of carbon in fine root production under conditions
of high nutrient availability may outweigh the benefits.
The second hypothesis maintains that the proportion of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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carbon allocated to fine root growth remains relatively
constant across nitrogen availability gradients, and that
fine root turnover rate increases with nitrogen availability
resulting in lower standing biomasses on rich sites (Figure
1.2b) (Nadelhoffer et al. 1985, Raich and Nadelhoffer 1989,
Nadelhoffer and Raich 1992).

This hypothesis is analogous

to that of foliage depicted in Figure 1.1.

Methods of assessing fine root production

There are currently no methods which directly assess
fine root production in undisturbed soil systems.

As a

result, the effect of nitrogen availability on fine root
production has been assessed indirectly using fertilization
experiments, sequential measurement of fine root mass in
stands of differing fertility, and by elemental budget
analysis.

Fertilization experiments
Numerous fertilization experiments have assessed the
effect of nitrogen availability on fine root production.
Vogt et al. (1990) reported a reduction in net fine root
production from 5040 kg-ha'1-yr"1 to 3040 kg-ha"1-yr'1 in
control and fertilized sites, respectively, of a Douglas-fir
(Pseudotsucra menziesii [Mirb.] Franco) forest in Washington.
Recent work by Gower et al. (1992) indicated that

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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fertilization decreased fine root production from 3640
kg-ha'1-yr'1 to 1460 kg-ha'1-yr'1 in a New Mexico Rocky Mountain
Douglas-fir (P. menziesii var qlauca [Beissn.] Franco)
forest.

Nitrogen fertilization decreased fine root biomass

from 2600 kg’ha'1 to 750 kg’ha"1 in a primary successional
forest in Hawaii (Gower and Vitousek 1989).

In addition,

numerous seedling fertilization experiments indicate that
nitrogen availability decreases the proportion of fine root
production (Olsthoon et al. 1991).
In contrast, several reports indicate that fine root
carbon allocation may increase with nitrogen availability.
Fine root biomass of a 90 year-old northern hardwood stand
in New Hampshire doubled following fertilizer application
(Safford 1974).

Fertilization and irrigation treatments

significantly increased fine root biomass, length, and tips
in a 20 year-old Scots pine (Pinus svlvestris L.) forest in
Sweden (Ericsson and Persson 1980).

Ojeniyi (1987) reported

an increase in the fine root standing biomass of a 24 yearold coffee (Coffea canephora) plantation after nine years of
nitrogen fertilizer application.

Finally, numerous studies

report a proliferation of fine roots in nitrogen-rich
microsites (Cuevas and Medina 1988, Friend et al. 1990).
Many factors may have contributed to these conflicting
results including variations in fertilizer treatments
(formulation, rate, and timing of application), rooting
media, tree species and age, and assessment methodology.
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Perhaps more importantly, recent reports by Ingestad and
Agren (1991) indicate that fertilizer additions may cause
short-term fluctuations in fine root carbohydrate
allocation.

Therefore, results from fertilization

experiments may represent transient responses rather than
permanent changes in allocation and will not be considered
further in this review.

Soil core assessments of natural gradients
The soil core method calls for the sequential
collection of replicate organic and mineral volumetric soil
cores throughout the growing season (Ericsson and Persson
1980).

Live, and sometimes dead, fine root fragments are

separated from the soil matrix of each core.

Annual

production and turnover rates are based on the observed
temporal fluctuations in fine root biomass (McClaugherty et
al. 1982, Kurz and Kimmins 1987).

This method, which is the

most commonly used, has yielded a tremendous amount of
information on fine root biomass in terrestrial ecosystems
(Grier et al. 1981, Keyes and Grier 1981, Vogt et al. 1986,
1987, Gower and Vitousek 1989, Gower et al. 1992).

However,

investigators have identified many problems in converting
sequential biomass measurements into fine root production
estimates (McClaugherty et al. 1982, Singh et al. 1984, Aber
et al. 1985, Vogt et al. 1986, Kurz and Kimmins 1987, Sala
et al. 1988, Nadelhoffer and Raich 1992).
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Annual fine root production estimates using soil core
data are commonly calculated by summing differences in mean
fine root biomass between sample periods (sequential core
method), or by subtracting the minimum annual measured fine
root biomass from the maximum (maximum-minimum method) to
obtain the total annual fine root production (Singh et al.
1984, Vogt et al. 1986).

The key assumptions of these

methods are that annual fine root growth occurs as pulses
which are longer than sample intervals, and that fine root
growth and mortality do not occur simultaneously
(McClaugherty et al. 1982, Kurz and Kimmins 1987).

Although

these assumptions appear valid on some sites, numerous
investigators have observed contradictions on others,
thereby implying that methods based on soil core data may
underestimate fine root production (Persson 1983,
Nadelhoffer et al. 1985, Kurz and Kimmins 1987, Santantonio
and Grace 1987).
In addition to the sequential core and maximum-minimum
methods, fine root production may be calculated from soil
core data using a decision matrix based on the temporal
fluctuations of live and dead fine root mass (McClaugherty
et al. 1982, Kurz and Kimmins 1987, Gower et al. 1992).
Although this method is applicable to sites with multiple
and synchronous phases of production and turnover, it still
assumes that sampling events occur more frequently than
growth pulses.

Also, fine root production may be
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underestimated due to herbivory, sloughing, rapid
decomposition of fine root necromass, and the difficulty of
identifying and separating this necromass from associated
organic matter.

Moreover, incomplete assessment of

mycorrhizal hyphae production and respiration may lead to
underestimates of below-ground carbon allocation.

On the

other hand, the decision matrix andthe sequential core
methods may yield overestimates dueto

random errors in the

estimates of fine root biomass (Singh et al. 1984, Kurz and
Kimmins 1987, Sala et al. 1988).

This problem may occur

even when only significant differences in biomass are used
to calculate production, and it may be compounded by
increasing the number of sample events

(Singh et al. 1984,

Sala et al. 1988).

Elemental budget assessments
Fine root nitrogen allocation and turnover rate can be
assessed indirectly using a nitrogen budgeting approach
(Nadelhoffer et al. 1985).

Nitrogen allocation to fine

roots is calculated as the difference between net nitrogen
mineralization in the soil and nitrogen allocation to
perennial wood and above-ground litter.

In this method,

fine root turnover rate is determined by dividing the total
nitrogen allocation by the average fine root nitrogen
content.
Fine root allocation patterns have also been assessed
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using a recently developed soil carbon balance approach
(Raich and Nadelhoffer 1989).

Total below-ground carbon

allocation was calculated as the difference between total
soil respiration and the carbon released by the
decomposition of above-ground litterfall.
As with the coring methods, there are many assumptions
and problems associated with the use of the elemental budget
assessments (Aber et al. 1985, Nadelhoffer et al. 1985,
Raich and Nadelhoffer 1989, Nadelhoffer and Raich 1992).
The nitrogen budgeting approach assumes that fluxes of
nitrogen into and out of the available pool are measured
reliably; that there is nearly complete uptake of available
nitrogen; that allocation to woody biomass and above-ground
litter is measured accurately, and that the remaining
nitrogen is allocated to fine roots and mycorrhizae
(Nadelhoffer et al. 1985).

The carbon budgeting method is

based on the assumption that soil carbon fluxes are in an
approximate steady-state condition over the course of the
sampling period (Raich and Nadelhoffer 1989).

Moreover,

although this method does provide an estimate of the total
carbon allocation to roots, it does not distinguish between
the potential fates (structural or respiration) of this
carbon.
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Fine root production estimates

Soil core assessments of natural gradients
Results obtained using soil core assessments along
natural fertility gradients support the first hypothesis
concerning nitrogen availability and fine root production.
Keyes and Grier (1981) measured above and below-ground net
primary production in two 40-year-old Douglas-fir stands
with different nitrogen availabilities.

While the total net

primary productivity of the two stands was similar (15,400
kg-ha‘1-yr"1 and 17,800 kg-ha'1-yr'1 for the low and high
productivity sites), fine root production was reported to be
5,600 kg-ha'1-yr'1 (36 percent of net primary production) on
the low productivity site versus 1,400 kg-ha'1-yr'1 (8 percent
of net primary production) on the high productivity site.
Also, Santantonio and Hermann (1985) indicated that Douglasfir fine root production ranged from 6,500 kg‘ha‘1,yr'1 to
4,800 kg-ha'1-yr*1 along a gradient of increasing nitrogen
availability.

In addition, Vogt et al. (1987) measured fine

root production in seven nitrogen-poor and eight nitrogenrich Douglas-fir stands of different ages and concluded that
sites with low nitrogen availability had significantly
greater fine root production than sites with high nitrogen
availability at all stages of development.
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Elemental budget assessments
In contrast to soil core studies, the results of the
elemental budget assessments support the second hypothesis
concerning nitrogen availability and fine root production.
Employing the nitrogen budgeting approach, Nadelhoffer et
al. (1985) observed an increase in total fine root nitrogen
allocation along a nitrogen availability gradient in nine
Wisconsin temperate forest sites.

Although fine root

standing biomass generally decreased as nitrogen
availability increased, this analysis suggested a
corresponding increase in fine root turnover rate such that
the relative nitrogen allocation to fine roots was
approximately constant.
Based on published results of studies in forest
ecosystems throughout the world, Raich and Nadelhoffer
(1989) recently used the soil carbon balance approach to
calculate total below-ground allocation.

The proportion of

carbohydrates allocated below-ground was relatively constant
over a wide range of above-ground litter inputs, increasing
only at relatively low rates of litterfall (Figure 1.3).

Critical evaluation of production estimates
It is apparent that accurate measurement of fine root
production at the ecosystem scale by both soil core and
budget methods may be compromised by sampling errors and
faulty assumptions (Singh et al. 1984, Kurz and Kimmins
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1987, Sala et al. 1988, Aber and Melillo 1991, Nadelhoffer
and Raich 1992).

As a result, there is no reliable standard

by which to evaluate the various methods.

However, studies

which have employed a combination of assessment methods or
have compared estimated fine root dynamics with other
ecosystem processes may provide insight into the reliability
of the techniques.
Soil coring experiments conducted in yellow-poplar
(Liriodendron tulipifera L.) (Harris et al. 1977), red pine
(P. resinosa Ait.), and mixed-deciduous forests
(McClaugherty et al. 1982) revealed that sequential core
production estimates were generally twice as large as
maximum-minimum estimates.

In addition, estimates of

nitrogen availability for fine root production in the red
pine and mixed-deciduous forests agreed more closely with
the maximum-minimum estimates (McClaugherty et al. 1982,
Nadelhoffer and Raich 1992) .
Aber et al. (1985) compared the maximum-minimum and
nitrogen budget methods on 13 sites in Massachusetts and
Wisconsin which exhibited a range in temporal fluctuations
of fine root biomass.

They concluded that both methods

provided reasonable production estimates on sites with large
seasonal fluctuations in fine root biomass.

However, the

nitrogen budget method provided better estimates for sites
with low seasonal fluctuations.

Aber et al. (1985) provided

additional support for this conclusion.

Based on the
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maximum-minimum production estimates of Keyes and Grier
(1981) (which indicated that a nitrogen poor Douglas-fir
site had greater fine root production than a rich site, and
the total net primary productivities of the sites were very
similar), a nitrogen budget assessment revealed that a
larger quantity of nitrogen had to be taken up by vegetation
on the poor site to support the higher production of
relatively nitrogen rich fine roots.

This seems unlikely

since nitrogen retranslocation from senescing fine roots is
generally considered to be minimal (McClaugherty et al.
1982, Nadelhoffer et al. 1985, Nambiar 1987).

It is more

reasonable that the maximum-minimum method underestimated
fine root production on the rich site.
Nadelhoffer and Raich (1992) recently compared fine
root production estimates with litterfall and above-ground
net primary production data obtained from 43 forested sites
worldwide (Figure 1.4).

The sequential core and maximum-

minimum estimates were not correlated with either litterfall
or above-ground net primary productivity.

Furthermore, when

these estimates were compared with estimates of total carbon
allocation to roots (calculated as described in Raich and
Nadelhoffer 1989), sequential core production values, which
were generally twice as high as those of the maximum-minimum
method, occasionally equalled or exceeded total below-ground
allocation values.

In contrast, comparisons using nitrogen

budget estimates revealed positive correlations with
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litterfall and above-ground net primary production and
indicated that fine root production accounted for
approximately one-third of total carbon allocation to roots.
These comparisons suggest that fine root production
estimates based on soil core data may be inaccurate and,
perhaps, conceptually misleading (Nadelhoffer and Raich
1992).

The sequential core method has been shown to yield

unreasonably high fine root production estimates on low
fertility sites, and both the sequential core and maximumminimum methods appear to underestimate production on high
fertility sites.

Fine root turnover

The effect of nitrogen availability on fine root
turnover rate is a pivotal distinction between the two
carbon allocation hypotheses.

Elucidation of a general

mechanism of carbon allocation to individual fine roots may
provide insight into this question.

Based on research with

Douglas-fir seedlings, Marshall and Waring (1985) proposed
that photosynthate allocation to fine roots occurs only
during root formation.

Following completion of the fine

root growth phase, remaining supplies (if available) are
shunted to the production of additional fine roots.

This

mechanism is supported by the findings of Cairney et al.
(1989) who observed a significant decrease in photosynthate
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translocation to Eucalyptus pilularis Sin. seedling fine
roots as they aged.

However, recent findings of Nguyen et

al. (1990) contradict this pattern as significant
carbohydrate loading in the fine roots of two hybrid poplar
(Populus L.) clones, withoutapparent increases in fine root
standing biomass or turnover rate, was measured late

in the

growing season.
If photosynthate allocation is discontinued following
completion of the fine root growth phase, the energy to
maintain fine root function must be supplied primarily by
stored non-structural carbohydrates (Marshall and Waring
1985).

Fine root longevity or turnover rate may therefore

be a function of the initial size of this energy source and
the strengths of energy sinks, such as mycorrhizal fungal
symbionts and maintenance respiration demand.

Although

little is known about the energetics of individual
mycorrhizal associations, maintenance respiration is
primarily a function of fine root enzyme content and
temperature (Johnson 1990). Since enzyme production

is

likely to increase with increasing nitrogen availability
(Margolis and Waring 1986, Friend et al. 1990), fine root
turnover rate may also increase with nitrogen content
(Chapin and Van Cleve 1981, Persson 1983, Nadelhoffer et al.
1985).
In addition to the Nadelhoffer et al. (1985) study,
other reports indicate that fine root turnover may escalate
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with increasing nitrogen availability.

Ericsson and Persson

(1980) determined that fine root starch depletion in a 20
year-old Scots pine stand occurred more rapidly on
irrigated-fertilized plots in comparison to control plots.
Data from Persson7s (1983) study suggest that Scots pine
fine root turnover rates on nutrient rich sites may be more
than double that of nutrient impoverished sites.
Santantonio and Santantonio (1987) used a compartment-flow
model (Santantonio and Grace 1987) to determine that heavy
thinning reduced mean fine root longevity from 6.2 months in
control to 2.5 months in thinned sites in a 12 year-old
Monterey pine (P. radiata D. Don) plantation.

Chapin and

Van Cleve (1981) report relatively high fine root turnover
rates on rich boreal forest sites.

Furthermore, numerous

fertilization experiments conducted on coniferous and
deciduous seedlings indicate that fine root nitrogen content
is negatively correlated with non-structural carbohydrate
content (Margolis and Waring 1986).
Based on the proposed carbohydrate allocation and
turnover mechanisms, the number of fine root growth flushes
or "generations" during a single growing season may be
positively correlated with nitrogen availability and
carbohydrate supply.

This supports the hypothesis that

above and below-ground production are positively correlated
by providing a mechanistic explanation for decreases in fine
root standing biomass and seasonality as total production
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increases along a nitrogen availability gradient.

Implications for carbon and nutrient cycling assessments

Fundamental conceptual and methodological problems
continue to limit researchers to indirect assessments of
fine root dynamics.

As a result, future studies should

employ a combination of assessment techniques to corroborate
results.

In this effort, elemental budget methods may prove

invaluable since they are relatively simple and inexpensive
to use; they overcome many of the major problems limiting
the more conventional methods, and they provide constraints
on estimates of fine root dynamics.
Based on this combinational approach, this review of
fine root production and turnover estimates indicates that
the second nitrogen availability-fine root carbon allocation
hypothesis is more plausible.

In turn, this suggests that

fine root and foliar carbon allocation and utilization
patterns are similar across nitrogen availability gradients
(Figure 1.1).

However, before concluding that fine roots

exhibit a positive carbon and nutrient cycling feedback
analogous to the above-ground system, questions regarding
other fundamental dynamics must be addressed.

Such

questions include the effect of nitrogen availability on
fine root anti-herbivore compound allocation and nutrient
retranslocation which determine necromass chemical
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composition and potential decomposition rates (Figure 1.1)
Elucidation of remaining questions regarding fine root
patterns and processes and the factors affecting these
dynamics is critical to the understanding of terrestrial
ecosystem structure and function, and this area requires
additional research.
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Figure 1.1. Potential interactions between nitrogen,
foliage, and fine root dynamics. The top half depicts a
generalized theory of foliage-nitrogen interactions which
maintains that there is a positive carbon and nutrient
cycling feedback in the above-ground system. The bottom
half outlines an analogous scheme for fine roots. The
hypothesis that the above and below-ground systems have
similar carbon allocation and utilization patterns across a
nitrogen availability gradient is evaluated in this review.
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Hypothesis 2 regarding the effects of nitrogen availability
on fine root carbon allocation patterns. Hypothesis l
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and that fine root turnover rate is not significantly
influenced by nitrogen availability. Hypothesis 2 contends
that the proportion of carbon allocated to fine root growth
is relatively constant across nitrogen availability
gradients, and that fine root turnover rate increases with
nitrogen availability resulting in lower standing biomasses
on rich sites.
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litterfall (solid circles) in forest ecosystems worldwide.
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CHAPTER II

A NEW 15N TRACER TECHNIQUE FOR ASSESSING FINE ROOT TURNOVER
IN FOREST ECOSYSTEMS
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Abstract

This paper describes a new technique designed to assess
fine root turnover based on temporal measurements of root
and available 1SN pools.

It then summarizes the results of

a pilot study which indicated that this technique may avoid
the major limitations of existing methods, and thereby
provide substantial insight into the rates and controls of
fine root turnover dynamics in forest ecosystems.
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Introduction

Fine root turnover is a major process in the carbon and
nutrient cycles of forest ecosystems (Nadelhoffer et al.
1985, Vogt et al. 1986, Aber and Melillo 1991).

It is

therefore critical to achieve a sound understanding of the
rates and controls of this process.

However, attempts to

assess fine root turnover in forest ecosystems have been
hindered by persistent methodological limitations (Persson
1990, Mackie-Dawson and Atkinson 1991).
The purpose of this paper is to (i) describe a new 15N
tracer technique for assessing fine root turnover that may
avoid these methodological limitations, and (ii) analyze the
results of pilot study designed to assess the potential of
this technique for future development and application.

The 15N tracer technique

To use the 15N tracer technique to assess fine root
turnover, the fine root and available N pools must have
different 15N abundances (expressed in S or "del" units,
Nadelhoffer and Fry 1994) during the assessment period.
This fundamental prerequisite may be achieved without
altering fine root turnover dynamics by applying small
quanities of 15N depleted or enriched fertilizer to the
system prior to and/or during the assessment (Nadelhoffer
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and Fry 1994).
If this prerequisite is satisfied, the change (i.e.,
dilution or enrichment) in the 15N mass of fine root tissues
is a function of root production and turnover rates and of
the 1SN abundance of the available N that is incorporated
into new tissues.

The 15N composition of fine root

structural components is measured to ensure that the change
in 15N mass is due solely to root production and turnover
and not to the degradation and resynthesis of non-structural
N compounds during the life-span of the root.
Tracing the movement of 1SN out of the fine root pool
via turnover requires mass balance techniques (Nadelhoffer
and Fry 1994).

V

Assuming conservation of mass,

15Nj + *av5l5Nav “ mto5lSNto =

^

where,
m,. = mass of the initial fine root structural N pool
mav = mass of available N incorporated into the fine root
structural pool
mt0 = mass of N leaving the fine root structural pool via
turnover
mf = mass of the final fine root structural N pool
51sNj = 15N abundance of the initial fine root N pool
615n 0V, = 15N abundance of the available N pool
<S15Nt0 = 15N abundance of the N leaving the fine root pool via
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turnover
51sNf = 15N abundance of the final fine root N pool;

and assuming that mav = mf - m,. + mt0 (conservation of mass)
and 515Nt0 = 615Nj, the following equation may be derived to
calculate the mass of nitrogen leaving the initial fine root
pool via turnover,

mt0 =

(m ^ ^ N , + mf 5 1sNav “ V

’X v

-

vxf 6 ' \ ) / ( S ' 5 n .

-

6 15Nav)

[2 ]

In turn, the percentage of the initial fine root N pool that
underwent turnover during the assessment period may be
calculated as follows:

Turnover

= (mt0/mj)

* 100 [3]

Equation

[3] doesnot account for the

produced after the initial assessment.

turnover of fineroots
To obtain a

comprehensive estimate of fine root turnover during an
extended period, the mt0 values of multiple assessments may
be summed and used in the numerator of equation [3].
The

15N tracer technique is based on three

assumptions:

major

the 15N mass of the fine root pool and the 15N

abundance of available N pool are measured accurately, the
15N abundance of N incorporated in new structural components
is approximately equal to the 1SN abundance of the available
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N pool at the time of production, and there is no
retranslocation of N from fine root structural components.
Although based on important assumptions, the 1SN tracer
technique may avoid the major limitations that hinder
existing turnover assessment methods (Persson 1990, MackieDawson and Atkinson 1991).

This technique is applicable in

sites with synchronous phases of fine root production and
turnover, and it does not require the quantification of root
necromass.

This approach does not alter fine root turnover

rates by disrupting the natural integrity of the system.
Furthermore, this method may be used in mature stands, and
it only requires the assessment of two ecosystem N pools.

Pilot study

A pilot study designed to assess the potential of the
15N tracer technique was conducted in the Harvard Forest red
pine (Pinus resinosa Ait.) control and low chronic N
addition plots, Petersham, MA (Aber et al. 1993).

Since

1988, the control and low plots have received 0 and 50 kg N‘
ha'1-yr'1, respectively as dissolved ammonium nitrate.

In

conjunction with the regular applications, nitrate labelled
fertilizer (NH415N03; approximate 0.7326 atom % or 1000°/00 15N
enrichment yr'1) was applied in 1991 and 1992 (the total N
additions remained constant, except for control plots which
received approximately 0.09 kg N-ha‘1-yr‘1).

Non 15N-enriched
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fertilizer additions were continued in 1993.

Methods
Fine roots (defined as living roots without external
suberization or bark development, generally < 1 mm in
diameter) were collected on 26 April and 25 October, 1993.
On each sample date, 25 cores (5.5 cm diameter) of the
organic and mineral (0 to 10 cm) soil horizons were
collected and randomly composited to 5 samples per horizon
for each treatment.

In addition, six sets of 100 percent

cellulose filter disks (Whatman #5, 5.5 cm diameter)
contained inside undyed, fine net stockings (designed to
reduce soil contamination) were incubated in the organic and
mineral soil horizons of each plot from 14 June to 16
November, 1993.

The disks served as a carbon source for

microbes, resulting in the immobilization of N from the
available pool.
Fine root and cellulose disk samples were dried (70°C
to a constant weight), ground, and subsampled for ash
determination (500°C for 5 hours).

Fine root structural

components were isolated by boiling subsamples in water for
three hours and filtering the residual tissues (TAPPI 1975).
Structural fine root tissues and cellulose disk samples were
analyzed for total N and 15N abundance using a Europa
Scientific Roboprep CN Analyzer coupled with a Tracer Mass
Isotope Ratio Mass Spectrometer.
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Results and discussion
The red pine fine root biomass estimates were
conservative and variable due to the presence of hardwood
and herbaceous roots in core samples (especially in the
control plot) which were not quantified (Table 2.1).
Therefore, this data set may be used to evaluate the
potential usefulness of the 1SN tracer technique rather than
to obtain quantitative estimates of fine root turnover in
these plots.
The 15N abundance of the fine root and available N
pools differed substantially during the assessment period,
thereby satisfying the fundamental prerequisite for using
the 15N tracer method (Figure 2.1).

Thus, the reliability

of fine root turnover estimates is dependent upon the
validity of the three major assumptions of this technique.
Fine root structural 15N mass (the product of tissue
dry weight, N concentration, and 15N abundance) and
available 61SN estimates were relatively variable
(coefficients of variation ranging from 0.19 - 0.46 for root
15N mass and 0.10 - 0.37 for available 615N); this may reduce
the accuracy of turnover estimates.

The variation of root

15N mass estimates may be substantially reduced by obtaining
a more accurate quantification of fine root biomass (Table
2.1).

Also, the variation of available <S15N estimates may

be reduced by increasing cellulose disk replication or by
using an alternative assessment method such as that
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described by Brooks et al. (1989).
In addition to measuring accurately structural root 15N
mass, it is important that newly incorporated 15N be derived
directly from the available N pool without isotopic
fractionation.

Previous studies have indicated that the

structural N of individual fine roots is derived primarily
from the local rooting zone (Philipson and Coutts 1977,
Friend et al. 1990, Gebauer and Schulze 1991, Hendricks
1994), and this conclusion is supported by the finding that
the structural root 51SN tracked the 615N of the available N
pool during the assessment (Figure 2.1).

Also, isotopic

fractionation of N during root uptake and assimilation is
generally insignificant (Nadelhoffer and Fry 1994), as
supported by the finding that the <S15N of total and
structural fine root constituents were approximately equal
(Figure 2.2).
Finally, it is important that 15N compounds exit the
structural root pool via turnover and not retranslocation.
Although Goldfarb et al. (1990) indicated that N compounds
may be retranslocated from root tissues during development
and aging, it is likely that this N is derived from nonstructural rather than structural constituents (Ting 1982).
Also, N retranslocation during fine root senescence is
generally considered to be an insignificant process
(Nadelhoffer et al. 1985, Nambiar 1987, Nambiar and Fife
1991).
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Although there is no standard for evaluating the 15N
tracer technique, turnover estimates based on this method
are comparable with results based on the more conventional
max-min assessment method (note:

max-min estimates were

calculated using total rather than structural fine root
biomass data, see Appendix B) (Figure 2.3) (Hendricks et al.
1993).

The slight discrepancies between estimates may be

primarily attributed to errors associated with the max-min
calculations due to low rates of fine root production (based
on the relatively small changes in root <S15N) during this
period of apparent high fine root turnover (Figures 2.1 and
2.3).

In addition to the general agreement with max-min

estimates, the finding that fine root turnover increased
with N fertilization corroborates the results of other
studies (Aber et al. 1985, Hendricks 1994), thereby
providing additional support for the potential reliability
and usefulness of the 15N tracer technique.

Conclusions

The pilot study results indicate that the 1SN tracer
technique may provide valuable insight concerning the rates
and controls of fine root turnover.

Although this

assessment focused on nitrogen availability, the technique
is applicable along other resource availability and
treatment gradients as long as the fundamental prerequisite
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is satisfied.

Therefore, it is important to continue to

refine the 15N assessment methods and test the basic
assumptions of this technique which may facilitate an
improved understanding of the role of fine roots in the
carbon and nutrient cycling dynamics of forest ecosystems.
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Table 2.1. Structural fine root biomass and nitrogen concentrations for
the initial and final assessments.
Initial Assessment

Biomass
(g-m'2)

Nitrogen
(%)

1.81 (0.16)

25.84 (14.02)

1.70 (0.05)

62.97 (16.67)

1.34 (0.04)

19.59 (6.05)

1.31 (0.04)

Organic (LO)

101.58 (29.86)

2.30 (0.14)

31.26 (11.29)

2.20 (0.08)

Mineral (LM)

95.5 (17.93)

1.84 (0.04)

20.49 (2.60)

1.78 (0.09)

Treatment

Biomass
(g-m*2)

Final Assessment

Nitrogen
(%>

Control
Organic (CO)
Mineral (CM)

31.05 (11.36)

Low

Note: values in each cell represent the means with standard deviations in
parentheses.
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Figure 2.1. The 15N abundance of the structural fine root
(initial and final assessments) and available (i.e.,
cellulose disk) N pools by treatment. See table 2.1 for
treatment abbreviation key.
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Figure 2.2. The 15N abundance of the total versus
structural fine root pools.
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Figure 2.3. Turnover estimates based on the 15N tracer
technique and max-min method by treatment. See table 2.1
for treatment abbreviation key.
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CHAPTER III

CARBON AND NITROGEN CHEMISTRY OF FINE ROOTS AND FOLIAGE
ACROSS A NITROGEN DEPOSITION GRADIENT IN NORTHEASTERN U.S.
RED SPRUCE-BALSAM FIR ECOSYSTEMS
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Abstract

The patterns and controls of red spruce (Picea rubens
Sarg.) and balsam fir (Abies balsamea (L.) Miller) fine root
and foliar tissue chemistry (i.e., carbon-fraction and
nitrogen concentrations) were assessed along a nitrogen
deposition gradient in the northeastern United States.
Within each site, fine root (generally < 1 mm diameter)
lignin:N ratios were approximately twice as large as
respective foliar (all age classes combined) values for both
species.

Differences within tissue types between species

were small.

Among sites, fine root nitrogen concentrations

increased and foliar lignin concentrations generally
decreased with increasing nitrate availability.

As a

result, both fine root and foliar lignin:N patterns were
significantly and inversely correlated with total nitrate
availability.

Assuming that senescent tissues exhibit

similar patterns, these findings suggest that fine root
necromass will decay more slowly than foliar litter, and
that both tissue systems may exhibit positive nutrient
cycling feedbacks which may accelerate nitrogen saturation
development in these ecosystems.
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Introduction
Anthropogenic pollution sources have increased
atmospheric nitrogen deposition in the northeastern United
States (Aber et al. 1989, Lovett and Kinsman 1990, Ollinger
et al. 1993).

Although this depositional input may enhance

net primary production, it also may have adverse effects on
terrestrial, air, and water resources via nitrogen
saturation (ammonium and nitrate availability in excess of
biological demand) of natural systems (Aber et al. 1989,
Schulze 1989, Aber 1992).

Therefore, it is important to

gain a sound understanding of the effects of nitrogen
deposition on carbon and nutrient cycling dynamics in
saturation-prone ecosystems across this region.
In the northeast, high-elevation red spruce (Picea
rubens Sarg.)-balsam fir (Abies balsamea (L.) Miller)
forests may be particularly susceptible to saturation due to
normally low nitrogen cycling rates and relatively high
depositional inputs (Johnson and Siccama 1983, Woodman and
Cowling 1987, McNulty et al. 1990, 1991).

Fine roots and

foliage are large and dynamic components of carbon and
nutrient cycles in forest ecosystems (Meier et al. 1985,
Nadelhoffer et al. 1985, Aber and Melillo 1991, Arthur and
Fahey 1992).

Following senescence, the decomposition and

nutrient dynamics of these tissues are controlled primarily
by the climate and chemical composition of the litter
(Upadhyay et al. 1989, Harmon et al. 1990, Aber and Melillo
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1991, Hobbie 1992, Stump and Binkley 1993).

Numerous

reports have indicated that chemical composition indices
such as the initial lignin concentration, lignocellulose
index, C:N ratio, and, in particular, the ligninrN ratio are
significantly and inversely correlated with litter weight
loss and nutrient mineralization rates (Berg 1986a,
Stohlgren 1988, White et al. 1988, Melillo et al. 1989,
Uphadhyay et al. 1989, Harmon et al. 1990, Stump and Binkley
1993).

Therefore, assessments of fine root and foliar

chemical composition may provide valuable insight into
carbon and nutrient cycling rates and the nitrogen retention
potentials of spruce-fir ecosystems (Hobbie 1992).
McNulty et al. (1991) sampled 161 sites in 11 areas
along a deposition gradient from western New York to eastern
Maine and determined that red spruce foliar lignin:N was
inversely correlated with nitrogen deposition, net nitrogen
mineralization, and net nitrification rates.

Assuming that

senescent needles also exhibit this pattern, this finding
suggests the existence of a positive feedback between
nitrogen availability and foliar substrate quality which may
accelerate the onset of saturation in these systems.

We

hypothesized that the patterns and controls of fine root
chemical composition are similar to those of foliar tissues
across this gradient, which, if so, would compound the
impact of deposition inputs on nitrogen saturation
development in red spruce-balsam fir ecosystems.
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The objectives of this study were to (i) compare fine
root and foliar chemical composition indices (i.e., carbonfraction and nitrogen concentrations) within spruce-fir
forests along the deposition gradient in the northeastern
United States, (ii) assess the effect of nitrogen
availability (quantity and form) on tissue chemistry, and
(iii) examine the relationship between fine root and foliar
chemistry across the nitrogen availability gradient.

Methods

Study sites
Red spruce and balsam fir fine root and foliage samples
were collected in four sites (Whiteface Mountain, NY, Mt.
Mansfield, VT, Mt. Washington, NH, and Mt. Desert Island,
ME) along the regional nitrogen deposition gradient (Table
3.1).

In the three western locations, sample plots were

established on steeply sloping terrain at approximately
1,000 meters elevation in spruce-fir pockets surrounded by
American mountain-ash (Sorbus americana Marsh.), paper birch
(Betula papyrifera Marsh.), yellow birch (B. alleahaniensis
Britton), and striped maple (Acer pensvlvanicum L.).

In the

coastal Maine site, plots were located on level terrain at
15 meters elevation in spruce-fir stands separated by yellow
birch, striped maple, and Atlantic white cedar
(Chamaecvparis thvoides (L.) B.S.P.).

The dominant soil
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type in each site is a Dysic Lithic Borofolist (Ricker
series).

Nitrogen availability indices
Net nitrogen mineralization and nitrification were
assessed in each location using the in situ buried bag
technique (Eno I960, Nadelhoffer et al. 1983, Pastor et al.
1984) (Table 3.1).

On each sampling date, 18 cores (5.4 cm

diameter) of the organic soil horizon were collected in each
location.

Six of the cores were placed in a cooler (5 -

7°C) for transport to the lab.

The remaining 12 cores were

placed in polyethylene bags (0.1 mm thickness), and returned
intact to their original locations for an incubation period.
At the end of the incubation, the 12 cores were retrieved
and taken to the lab for processing.
In the lab, each core was sieved to remove mineral
particles (> 1 mm), twigs, and roots.

Ammonium and nitrate

were extracted from a 10 g (wet weight) subsample in 100 ml
of 2 N KC1 for 24 hours, and the filtered extract was
analyzed for NH4+-N and N03'-N on a Technicon TRAACS 800
autoanalyzer.

A 10 g subsample was dried at 105°C for 48

hours to determine soil moisture content.

Net nitrogen

mineralization was calculated as NH4+-N plus N03'-N in the
incubated samples minus initial values.

Net nitrification

was calculated as the difference between initial and final
N03"-N values.
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All sites were sampled in 1990 using a series of four
monthly incubations during the growing season (May through
August).

The Mt. Mansfield and Mt. Desert Island sites were

resampled in 1991 using a one month incubation in June and a
two month incubation in July and August.

The bulk density

of the organic horizon in each site was determined (5.4 cm
diameter cores dried at 105°C for 48 hours) in order to
express ammonium and nitrate availability on an area basis.
Total (wet plus dry) nitrogen and nitrate depositions
in each location also were estimated using a model developed
by Ollinger et al. (1993) (Table 3.1).

In addition, since

spruce and fir take up and assimilate both deposited and
mineralized nitrogen (Schulze 1989, Aber 1992), combinations
of the previous indices were added to provide more
comprehensive estimates of total nitrogen (i.e., nitrogen
deposition plus nitrogen mineralization) and total nitrate
(i.e., nitrate deposition plus nitrified nitrogen)
availability in each location (Table 3.1).

Field collections
Fine root samples were collected in October of 1991.
In each site, a plot center was randomly established in the
vicinity of the nitrogen availability assessment plots.

The

15 dominant or codominant individuals of each species
closest to this point were hand-sampled by excavating three
primary structural roots and associated major laterals
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(i.e., those > 5 mm in diameter) to at least the crown
radius.

Soil mats encompassing minor woody laterals and

attached fine roots were lifted, bagged, and placed in a
cooler (5 - 7°C) for transport to the lab.

Roots from

individual trees were composited to yield five samples per
species for each site.
Foliage samples were collected on Mt. Washington in
July of 1987, and from the remaining sites in July of 1988.
In each location, three or four 15 m X 15 m plots were
randomly established in stands comprised primarily (i.e.,
greater than 90 percent of the basal area) of spruce and
fir.

In each plot, branches judged to receive direct sun

for at least 50 percent of the daylight hours were randomly
collected from three individuals of each species using a
pruning pole.

Needles (including all age classes) were

composited to yield a single sample per species for each
plot.

Sample processing
Root samples were stored at 2°C for no more than 48
hours before fine root tissues were sorted by hand.

Fine

roots were defined as living, primary ramifications
including mycorrhizal tips that did not have external
suberization or bark development (generally corresponding to
roots < 1 mm in diameter for spruce and fir) (McClaugherty
et al. 1982, Santantonio and Santantonio 1987, Persson
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1990).

Root vitality was assessed visually and manually,

based on color, elasticity, and resiliency (McClaugherty et
al. 1982, Persson 1986, 1990).
Sorted fine roots were gently washed with tap water for
15 to 20 seconds, dried at room temperature (20 - 23°C) for
approximately 15 minutes, and stored in a freezer.

Prior to

chemical composition assessments, samples were dried in a
70°C oven to a constant weight, and ground with a Wig-L-Bug
Model 6 amalgamator.
Foliage samples were placed in paper bags and ovendried at 70°C to a constant weight.

Dried needles were

passed through an 18-mesh sieve to remove bark and twig
fragments, ground with a Wiley Mill using a 10-mesh screen,
and placed in glass jars which were stored in a dark
location.

Tissue chemical analyses
Prior to chemical composition analyses, tissue samples
were redried (70°C) and subsampled for ash determination
(500°C for 5 hours) in order to express all indices on an
ash free, dry weight basis (Jones 1984) .

Fine root carbon

and nitrogen concentrations were determined with a PerkinElmer model 240B analyzer (Cappo et al. 1987).
Concentrations of extractives (non-polar and non-structural
polar constituents), cellulose (acid soluble components
consisting primarily of cellulose and hemicellulose), and
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lignin (acid insoluble components including lignin and other
recalcitrant constituents such as suberin, cutin, and
tannin-protein complexes) in fine roots were assessed using
the forest products serial digestion technique (TAPPI 1975,
1976, Effland 1977, Ryan et al. 1990).

Foliar

concentrations of nitrogen, cellulose, and lignin were
measured with a Pacific Scientific model 6250 near-infrared
(NIR) spectrophotometer (Wessman et al. 1988, McLellan et
al. 1991).

Statistical analyses
ANOVA techniques were used to analyze the fine root and
foliar chemical content data to determine if there were
significant differences (P < 0.05) between tissues and sites
(Statistix 1991).

If differences existed, Tukey's HSD

multiple range test was performed to determine which means
differed significantly (P = 0.05).

In addition, simple

linear regressions were used to examine relationships
between tissue chemical composition and nitrogen
availability indices as well as between fine root and foliar
chemical composition indices.

Results and discussion

Red spruce and balsam fir nitrogen and foliar lignin
concentrations were comparable to other values for species
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in these genera (Table 3.2) (Schomaker 1973, Safford et al.
1977, Timmer and Stone 1978, Czapowskyj 1979, Czapowskyj et
al. 1980, Meier et al. 1985, Nadelhoffer et al. 1985, Fahey
et al. 1988, Prescott et al. 1989, Taylor et al. 1989,
Arthur and Fahey 1992, Stump and Binkley 1993).

However,

fine root lignin concentrations generally exceeded the range
previously reported for coniferous species (Table 3.3).
While potentially attributable to numerous sources, the
substantial deviation of spruce and fir fine root lignin
concentrations from the other cited values may be strongly
related to methodological inconsistencies among studies.
For example, all of the cited reports used larger fine root
classification criteria than were employed in this study
(Table 3.3).

Differences among lignin assessment techniques

and interlab variation also may have contributed to the
divergent results.

Studies which used fine root

classification criteria and lignin assessment techniques
comparable to those employed in this study revealed fine
root lignin concentrations for coniferous and deciduous
species within the range of values reported here for red
spruce and balsam fir (Muller et al. 1989, Hendricks 1994).

Tissue carbon and nitrogen patterns within sites
Spruce and fir fine roots had higher nitrogen
concentrations (not always significantly) than respective
foliar tissues in each site (Table 3.2).

However, fine root
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lignin concentrations were approximately twice as large as
foliar values for both species so that fine root lignin:N
ratios were significantly larger than respective foliar
values in each location (Table 3.2).

These results

contradict the findings of Stump and Binkley (1993) which
indicated that fine root lignin:N ratios were either
comparable to or substantially lower than foliar values for
four Rocky Mountain forest species including Engelmann
spruce (P. enaelmannii Parry) and subalpine fir (A.
lasiocaroa (Hook.) Nutt.).

These conflicting intraspecific

lignin:N patterns may be primarily attributed to substantial
differences in fine root lignin concentrations among species
(Table 3.3).
Comparisons of chemical indices within tissue types
indicated that fir fine root and foliar nitrogen
concentrations were higher (not always significantly) than
corresponding spruce tissues in each site (Table 3.2).
Czapowskyj et al. (1980) also reported this foliar nitrogen
pattern for balsam fir and red spruce in the understory of
an aspen (Populus tremuloides Michx. and P. grandidentata
Michx.) - paper birch stand.

In contrast, differences in

lignin concentrations between common tissue types were
rarely significant.

As a result, the lignin:N ratios of

corresponding tissues were similar between species within
each site, differing significantly only for fine roots in
the Mt. Washington and Mt. Desert Island locations (Table
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3.2) .

Tissue carbon and nitrogen patterns among sites
Fine root and foliar nitrogen and carbon fraction
concentrations generally differed significantly among the
four study sites (Table 3.4) and were most strongly
correlated with nitrate indices, particularly total nitrate
availability (Figure 3.1).

Fine root nitrogen

concentrations increased with total nitrate availability
(Figure 3.1A).

In contrast, fine root lignin concentrations

were relatively stable across the gradient (Figure 3.IB).
Although red spruce fine root lignin concentrations
decreased significantly, the slope of this relationship (0.9) was close to zero.

These findings are consistent with

the results of other studies which indicated that fine root
nitrogen increased with site fertility, and that lignin
concentrations varied little across species and resource
availability gradients (Safford 1974, McClaugherty et al.
1982, Margolis and Waring 1986, Marshall 1986, Fahey et al.
1988, Muller et al. 1989, Stump and Binkley 1993).
In contrast, the spruce and fir foliar patterns of this
study combined with those of McNulty et al. (1991) indicated
that nitrogen concentrations remained relatively stable as
lignin decreased with increasing nitrate availability
(Figures 3.1 A and B).

This nitrogen pattern is consistent

with results of fertilization studies which indicated that
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increases in foliar nitrogen were followed by increases in
biomass production and a return to background nitrogen
concentrations (Safford and Filip 1974, Safford et al. 1977,
Binkley and Reid 1984, Weetman and Fournier 1984).
Fine root and foliar lignin:N were inversely correlated
with total nitrate availability, despite the contrasting
patterns of individual components (Figure 3.1 C).

The fine

root relationships were highly significant for red spruce
and balsam fir.

While foliar trends were not significant

for individual species, the relationship for the combined
data set was significant (adjusted R2 = 0.55, P < 0.0342)
and the slope of this pattern was similar to those of the
fine root tissues (Figure 3.1C).

These findings support a

general hypothesis, outlined in Hendricks et al. (1993),
that fine root and foliar tissues have similar carbon and
nutrient cycling patterns along nitrogen availability
gradients.

It is also consistent with the results of other

studies which indicated that the form of available nitrogen
was equally or more important than the total amount in
regulating fine root and foliar dynamics in forest
ecosystems (Nadelhoffer et al. 1983, Pastor et al. 1984,
Aber et al. 1985).

Implications for N saturation development and assessment
This survey of fine root and foliar chemistry indicates
that, following senescence, corresponding tissue types may
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have similar carbon and nutrient cycling dynamics in red
spruce-balsam fir ecosystems.

Although nitrogen

retranslocation during foliar senescence (a process which is
generally assumed to be non-significant in fine roots) may
reduce the lignin:N disparity between tissue types
(McClaugherty et al. 1982, Nadelhoffer et al. 1985, Nambiar
1987, Nambiar and Fife 1991), the results of this study
suggest that fine root necromass will have substantially
slower decomposition and higher long-term nitrogen
accumulation rates than foliar litter (Stohlgren 1988,
Upadhyay et al. 1989, Harmon et al. 1990).

This is

consistent with the findings of numerous decomposition
studies (McClaugherty et al. 1982, 1984, Berg 1986b, Fahey
et al. 1988, Grimm 1988, White et al. 1988), and implies
that fine roots may be relatively more effective than foliar
tissues in immobilizing available nitrogen and delaying the
onset of saturation in these systems.

However, these

results also suggest that as deposition inputs increase
nitrate availability in spruce-fir forests (Aber et al.
1989, McNulty et al. 1990), positive nutrient cycling
feedbacks may be established in both the fine root and
foliar systems which may accelerate nitrogen saturation
development and perhaps forest decline in these ecosystems.
The potentially adverse effects of nitrogen saturation
and the projected persistence of elevated atmospheric
nitrogen inputs accentuate the need to monitor deposition
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impacts in the northeastern United States (Aber 1992).

Fine

root and foliar substrate quality indices may be integrative
and responsive indicators of nitrogen induced stress in
spruce-fir ecosystems.

Although manual surveys may be

practical only at the site level, larger scale assessments
appear possible.

The significant linear relationship

observed between tissue lignin:N ratios (Figure 3.2)
indicates that fine root values, which are relatively
difficult to obtain, may be estimated using foliar ratios.
In turn, foliar chemistry may be assessed by remote sensing
techniques (Wessman et al. 1988), thereby facilitating
regional evaluations of deposition impacts in northeastern
U.S. red spruce-balsam fir ecosystems.
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Table 3.1. Topographical characteristics and nitrogen (N) availability indices for the
four study sites.
Whiteface
Mtn.
NY

Mt.
Mansfield
VT

Mt.
Washington
NH

Mt.
Desert Island
ME

latitude

44°24 '

44°31'

44°17'

44°20/

longitude

73°54 ’

72°48'

71°16/

68°22'

NW

S

NE

-

1000

985

1000

Topography

aspect
elevation (m)

15

30

25

30

2

21.2

55.6

46.1

22.7

nitrification

2.8

3.0

< 0.1

< 0.1

N deposition

9.4

9.2

8.3

4.7

nitrate deposition

6.4

6.3

5.8

3.5

30.6

64.8

54.4

27.4

9.2

9.3

5.8

3.5

slope (%)

it N availability (kg N'ha'^yr"1)
N mineralization

total N*
total nitrate*

*See Methods Section for definition of term.

a\
«4
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Table 3.2. Comparison of balsam fir and red spruce fine root and foliar chemical
composition indices (i.e., nitrogen and lignin concentrations, and lignin:N ratios) by study
site*.
Mt.
Mansfield
VT

Whiteface
Mtn.
NY

Mt.
Washington
NH

Mt.
Desert Island
ME

Nitrogen
balsam fir - fine roots

1.65 (0.06)a

1.50 (0.09)a

1.41 (0.09)a

1.26 (0.06)a

balsam fir - foliage

1.38 (0.03)b

1.28 (0.17)ab

1.39 (0.14)a

-

red spruce - fine roots

1.47 (0.15) ab

1.43 (0.10)a

1.19 (0.05)b

1.08 (0.04)b

red spruce - foliage

1.04 (0.09)c

1.04 (0.01)b

1.07 (0.10)b

0.84 (0.02)c

52.7 (1.3)a

Lignin
balsam fir - fine roots

52.0 (2.0)a

49.0 (1.2)a

balsam fir - foliage

22.1 (0.5)c

23.0 (0.9)b

27.3 (1.4)b

54.0 (1.0)a
-

red spruce - fine roots

49.0 (0.9)b

48.8 (0.3)a

51.9 (0.5)a

53.6 (1.0)a

red spruce - foliage

18.1 (0.7)c

22.1 (0.1)b

20.8 (1.8)c

23.5 (l.l)b

balsam fir - fine roots

31.6 (2.1)a

32.8 (2•5)a

37.4 (2.6)b

balsam fir - foliage

16.0 (0.7)b

18.0 (1.7)b

19.8 (2.4)c

42.9 <2 •5) b
-

red spruce - fine roots

31.9 (4.7)“

34.3 (2.4)a

43.5 (2.1)a

49.8 (2.6)a

red spruce - foliage

17.4 (2.3)b

21.2 (0.2)b

19.6 (3.5)e

28.0 (l.l)c

Lignin:N

*Sites arranged in order of total nitrate availability (see Table 3.1).
Note: values represent means with standard deviations in parentheses. Different letters
within an index column represent significant differences (P < 0.05) between tissues within a
site.

o\

oo
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Table 3.3.

Comparison of fine root lignin concentrations for coniferous forest species.

Species

Size Class
(mm)

Lignin
(%>

Reference

Abies balsamea (L.) Miller

< 1.0

51.9

Present Study

Abies lasiocaroa (Hook) Nutt.

< 3.0

19.9

Stump and Binkley 1993

Picea rubens Sara.

< 1.0

50.8

Present Study

0.6 - 1.0

25.8

Fahey et al. 1988

1.0 - 2.5

23.4

Fahey et al. 1988

Picea enaelmannii Parrv

< 3.0

19.2

Stump and Binkley 1993

Pinus contorta var. latifolia Enaelm.

< 3.0

21.4

Stump and Binkley 1993

Pinus resinosa Ait.

< 3.0

21.7

McClaugherty et al.’ 1984

Pinus strobus L.

< 3.0

25.3

McClaugherty et al. 1984

Pseudotsuaa menziesii (Mirb.) Franco

< 2.0

32.7

Marshall 1986

<r>

vo
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Table 3.4.
Balsam fir and red spruce fine root and foliar nitrogen and carbon fraction
concentrations averaged for the four study sites.
Tissue

Nitrogen (%)

Extractives (%)

Cellulose (%)

Lignin (%)

Balsam fir
fine roots

1.46 (0.16)*

19.6 (1.4)*

28.5 (1.4)*

51.9 (2.1)*

foliage

1.35 (0.06)

44.5 (3.5)*

31.3 (1.1)

24.2 (2.8)*

fine roots

1.29 (0.10)*

21.9 (1.6)*

27.3

(0.8)*

50.8 (2.3)*

foliage

1.0

42.2 (2.7)*

36.7 (1.1)*

21.1 (2.3)*

Red spruce

(0.10)*

Note:
values represent the means with standard errors in parentheses.
An asterisk
indicates that concentrations varied significantly (P < 0.05) among sites.

vj

o

• Balsam fir - fine roots
■ Balsam fir - foliage

o Red spruce - fine roots
D'Red spruce - foliage

cr>

spruce - root

0.9

sui

R* = 0.98
P < 0 .0 0 7 5
S.0. - 0.03

0.8

50

spruce - root
R* = 0.99
P < 0.0 0 1 8
S.D. = 0.1 7

60
50
40
C7> 30

spruce - root
R2 - 0 .98
P < 0 .0 0 7 5
S.D. - 1 . 2 0

fir - root
R* - 0.99
P < 0 .0 0 1 8
S.D. - 0.85

com bined foliage
R* = 0 .5 5
P < 0 .0 3 4 2
S.D. = 2.63

T o ta l n itr a te availab ility (k g N -h a -1 -yr- 1 )

Figure 3.1. Balsam fir and red spruce fine root and foliar
(A) nitrogen, (B) lignin, and (C) lignin:N spatial patterns
across the total nitrate availability gradient.
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• Balsam fir

Fine

root lign in:N

50

■ Red spruce

y = 1.51 (x ) + 7 .0 8
R2 = 0.69
P< 0.01 30
S.D. = 3 .86

40

30

20
15

17

19

21

23

25

27

29

F o liar lignin:N

Figure 3.2. Correlation between balsam fir and red spruce
fine root and foliar lignin:N ratios.
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CHAPTER IV

FINE ROOT TURNOVER AND POTENTIAL DECOMPOSITION ALONG
NITROGEN AVAILABILITY GRADIENTS AMONG TEMPERATE FORESTS
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Abstract

Fine root tissue chemistry was assessed along nitrogen
availability gradients spanning a wide variety of temperate
coniferous and deciduous forest ecosystems.

Concentrations

of reducing sugars in fine roots declined significantly as
nitrate availability increased across all forest types.
Concentrations of extractives decreased, lignin (which
accounted for approximately 50 percent of fine root biomass)
remained relatively stable, and cellulose increased with
increasing nitrate availability.

Fine root nitrogen

concentration also increased and, consequently, lignin:N
decreased along nitrate availability gradients.

Within

sites, chemical composition indices varied between fine
roots in different soil horizons and between roots of
different size classes.

This study indicates that fine root

turnover and potential decomposition rates increased with
nitrate availability.

When combined with the findings of

previously published assessments in these sites, these
results suggest that the carbon and nutrient cycling
dynamics of fine root and foliage vary synchronously as a
function of nitrogen availability among temperate forest
ecosystems.
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Introduction

Fine roots are a large and dynamic component of the
carbon and nutrient cycles in temperate forest ecosystems
(Meier et al. 1985, Nadelhoffer et al. 1985, Aber and
Melillo 1991, Arthur and Fahey 1992).

Despite their

importance, however, questions regarding the basic patterns
and controls of important fine root processes remain
unanswered (Kurz and Kimmins 1987, Santantonio and Grace
1987, Sala et al. 1988, Persson 1990, Hendricks et al.
1993).

Therefore, to gain a more holistic understanding of

ecosystem structure and function, it is critical to address
these questions in a wide variety of temperate forest
ecosystems.
In previous publications, we have formulated and tested
a hypothesis which maintains that fine root production,
turnover, and potential decomposition rates increase with
nitrogen availability in temperate forests (Aber et al.
1985, Nadelhoffer et al. 1985, Raich and Nadelhoffer 1989,
Nadelhoffer and Raich 1992, Hendricks et al. 1993, Hendricks
1994) .

The primary purpose of this study was to test this

hypothesis along nitrogen availability gradients spanning
numerous temperate coniferous and deciduous forest types.
Marshall and Waring (1985) proposed that carbohydrate
allocation to individual fine roots occurs only during a
determinant growth phase, after which the energy to support
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root function is supplied solely by the total non-structural
carbohydrate (TNC) reserves (Marshall and Waring 1985,
Marshall 1986, Cairney et al. 1989).

This implies that,

following the growth phase, fine root turnover rate is a
function of the initial size of the TNC pool and the
strength of energy sinks.

Therefore, assuming fine root

carbohydrate allocation rates are relatively similar along
nitrogen availability and species gradients, surveys of root
TNC concentrations may provide insight into turnover and,
consequently, production patterns among ecosystems
(Santantonio and Grace 1987, Persson 1990, Cheng et al.
1991, Hendricks et al. 1993).
Following turnover, tissue decomposition dynamics are
controlled primarily by the climate and chemical composition
of the litter (Upadhyay et al. 1989, Harmon et al. 1990,
Aber and Melillo 1991, Stump and Binkley 1993).

Numerous

foliage decomposition studies have indicated that chemical
indices such as the initial lignin concentration,
lignocellulose index, C:N ratio, and, in particular, the
lignin:N ratio are significantly and negatively correlated
with litter mass loss and nutrient mineralization rates
(Berg 1986, Stohlgren 1988, White et al. 1988, Melillo et
al. 1989, Uphadhyay et al. 1989, Harmon et al. 1990, Stump
and Binkley 1993).

Therefore, assuming root indices do not

change appreciably during senescence, assessments of fine
root chemistry may provide an indication of potential
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decomposition patterns along nitrogen availability and
ecosystem gradients.
The specific objectives of this study were to (i)
assess the effect of nitrogen availability (quantity and
form) on fine root chemical composition indices (i.e.,
carbon fraction and nitrogen concentrations) among temperate
coniferous and deciduous forest ecosystems, (ii) compare the
chemical composition of fine roots in different soil
horizons within ecosystems, (iii) assess the chemistry of
roots in different size classes, and (iv) compare the fine
root results with published foliar values to determine if
relationships exist between above- and below-ground carbon
and nutrient cycling processes among temperate forest
ecosystems.

Methods

Root samples were collected in eight forest stands on
Blackhawk Island near Wisconsin Dells, WI and nine stands in
the University of Wisconsin Arboretum near Madison, WI
(Table 4.1).

The Blackhawk Island sites were located in

mature, undisturbed coniferous and deciduous forest types
along an edaphic moisture and nutrient availability gradient
(Pastor et al. 1982, 1984).

In contrast, most of the

Arboretum sites (excluding the three oak stands) were
located in coniferous and deciduous forests established in
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the 1940's on land previously used for agricultural purposes
(Nadelhoffer et al. 1983, 1985).

Net nitrogen

mineralization and nitrification have been assessed in each
site using the in situ buried bag technique (Table 4.1) (Eno
1960, Pastor et al. 1982, 1984, Nadelhoffer et al. 1983,
1985, Aber et al. 1985).

More detailed descriptions of the

soils and vegetation of the Blackhawk Island and Arboretum
sites are provided in Pastor et al. (1982, 1984) and
Nadelhoffer et al. (1983, 1985).
The Blackhawk Island sites were sampled 7 - 1 0 October,
1991.

In each site, a plot center point was randomly

selected and four 12 m transects were established in the
cardinal directions.

Soil cores (5.5 cm diameter) were

collected at the center point and at 2 m intervals along
each transect to yield 25 cores per site.

The division of

cores by horizon followed the format used by Pastor et al.
(1982, 1984) for the nitrogen availability assessments
(Table 4.1).

Individual cores were then randomly composited

to yield five samples per horizon for each site.
The Arboretum sites were sampled on 25 April, 7 July,
15 September, and 5 December of 1981, and 24 April of 1982.
Collections one through four were conducted in six sites
(black oak, red oak, white oak, sugar maple, white pine, and
red pine), and the final collection was made in all nine
sites.

During each collection, seven cores (6 cm diameter)

of the 0-20 cm soil horizon (which also corresponds with the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

79

nitrogen availability assessment format and reflects the
lack of a persistent forest floor on these mull soils) were
removed in each site.

Root samples from the seven cores

were later composited to yield one sample per site for each
collection date.

For the sites that were sampled five

times, root chemical composition indices were averaged
across dates due to low temporal variation.
Soil cores were stored at 2°C for no more than 48 hours
prior to sorting root tissues.

Blackhawk Island cores were

hand sorted to obtain fine roots which were defined as
living, primary ramifications including mycorrhizal tips
that did not have external suberization or bark development
(McClaugherty et al. 1982, Santantonio and Santantonio 1987,
Persson 1990).

Arboretum cores were processed by gently

washing soil particles through a 0.5 mm mesh screen and
removing residual mineral and non-root organic fragments
(Nadelhoffer et al. 1985).

Live roots were then classified

by size as fine (< 0.5 mm diameter, which was generally
consistent with the Blackhawk Island fine root
classification criteria) and small (0.5 - 3.0 mm diameter)
tissues (Nadelhoffer et al. 1985, Persson 1990).

The

vitality of Blackhawk Island and Arboretum roots was
assessed visually and manually, based on color, elasticity,
and resiliency (McClaugherty et al. 1982, Persson 1986,
1990).

Sorted roots were gently washed with tap water for

15 to 20 seconds, dried at room temperature (20 - 23°C) for
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approximately 15 minutes, and stored in a freezer.

Fine

root chemical analyses were conducted within 12 and 18
months for the Blackhawk Island and Arboretum samples,
respectively.
Prior to chemical analyses, tissue samples were ovendried at 70°C to a constant weight, ground, and subsampled
for ash determination (500°C for 5 hours) in order to
express all indices on an ash free, dry weight basis (Jones
1984).

Root concentrations of extractives (non-polar and

polar constituents), cellulose (acid soluble components
consisting primarily of cellulose and hemicellulose), and
lignin (acid insoluble components including lignin and other
recalcitrant constituents such as suberin, cutin, and
tannin-protein complexes) were assessed using the forest
products serial digestion technique (TAPPI 1975, 1976,
Effland 1977, Ryan et al. 1990).

For the Blackhawk Island

samples, the TNC concentrations in the polar extract
filtrate was measured on a Bausch and Lomb spectronic 601
spectrophotometer based on the Lachat Instruments QuikChem
Method 26-201-00-1-B (Lachat Instruments 1993).

Root

nitrogen concentrations were determined with a Perkin-Elmer
model 24OB analyzer for the Blackhawk Island samples (Cappo
et al. 1987), and a modified Kjehldahl digest followed by a
colorimetric nitrogen analysis using a Technicon TRAACS 800
autoanalyzer for the Arboretum samples (Miller and Miller
1948, Technicon Instruments 1977).
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ANOVA techniques were employed to determine if root
chemical composition indices differed significantly (P <
0.05) between soil horizons and sites (Statistix 1991).

If

differences existed, Tukey's HSD multiple range test was
performed to determine which means differed significantly (P
= 0.05).

In addition, simple linear regressions were used

to assess relationships between root chemical composition
and nitrogen availability indices.

Results

Fine root TNC along nitrogen availability gradients
Blackhawk Island fine root total non-structural
carbohydrate concentrations declined significantly as site
nitrogen availability indices, particularly nitrate
availability, increased (Table 4.2, Figure 4.1).

The

negative, linear relationship between fine root TNC and
nitrate availability was stronger for deciduous stands
compared to all sites combined (Figure 4.1).

Coniferous

stands (which had the highest fine root TNC concentrations)
also exhibited this trend, but the relationship was not
significant, possibly due to the low number of sites and the
narrow range of nitrate availability (Tables 4.1 and 4.2,
Figure 4.1).
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Fine root chemistry along nitrogen availability gradients
Blackhawk Island and Arboretum fine root carbon
fraction and nitrogen concentrations differed significantly
among sites, and were also frequently correlated with
nitrate availability (Figure 4.2, Table 4.3).
Concentrations of extractives generally decreased while
cellulose increased along gradients of increasing nitrate
availability (Figures 4.2A and B, Table 4.3).

In contrast,

lignin concentrations, which accounted for approximately 50
percent of fine root biomass, remained relatively stable
across the nitrate availability gradients (Figure 4.2C,
Table 4.3).

Fine root nitrogen concentrations increased

(Figure 4.2D, Table 4.3), and, consequently, root lignin:N
decreased (Figure 4.2E, Table 4.3) with increasing nitrate
availability.
Blackhawk Island fine root carbon fraction
concentrations were relatively similar between soil
horizons, although the differences were often statistically
significant (Table 4.2).

However, fine root nitrogen

concentrations were generally much higher in the humus or Al
horizons which exhibited higher nitrogen mineralization and
nitrification rates than corresponding subsoil horizons
(statistically significant for all stands except white oak
and sugar maple 2) (Tables 4.1 and 4.2).

As a result, fine

root lignin:N ratios were generally lower in the surface
soil horizons (Table 4.2).
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Arboretum fine roots consistently had lower
concentrations of extractives and cellulose, and higher
lignin concentrations than small roots (Figure 4.3).

Fine

roots also had substantially higher nitrogen concentrations
and lower lignin:N ratios than small roots in all sites
(Figure 4.3).

Discussion

Fine root turnover along nitrogen availability gradients
The negative relationship between fine root TNC
concentration and nitrate availability suggests that root
energy sinks, and, consequently, turnover rates increased
along nitrogen availability gradients among the Blackhawk
Island sites (Figure 4.1, Table 4.2) (Marshall and Waring
1985).

This finding is consistent with the results of

Nadelhoffer et al. (1985) who used a nitrogen budgeting
approach to determine that fine root turnover increased with
nitrogen availability among the Arboretum sites.

In

addition to these assessments among forest types, several
reports have indicated that nitrogen availability and fine
root turnover are positively correlated within species
(Chapin and Van Cleve 1981, Persson 1983, Santantonio and
Santantonio 1987).
The increase in fine root turnover along nitrogen
availability gradients may be related to maintenance
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respiration, which is a dominant energy sink in non-growing
roots (Amthor 1984, Marshall and Waring 1985, Marshall 1986,
Marshall and Perry 1987, Johnson 1990).

Since maintenance

respiration increases with temperature and enzyme content
(Amthor 1984, Johnson 1990, Ryan 1990), and enzyme
production may increase with nitrogen availability (Margolis
and Waring 1986, Friend et al. 1990), the turnover rate of
fine roots may be higher in more fertile and warmer sites.
In addition to the results of this and other TNC assessments
(Marx et al. 1977, Ericsson and Persson 1980, Margolis and
Waring 1986, McDonald et al. 1986), this mechanism is
supported by the findings of Hendrick and Pregitzer (1993)
which indicated that fine root turnover was directly related
to soil temperature in sugar maple (Acer saccharum Marsh.)
forests.
The results of the Blackhawk Island and Arboretum fine
root turnover evaluations considered with the findings of
fine root standing biomass (Aber et al. 1985, Nadelhoffer et
al. 1985) and production (Nadelhoffer et al. 1985)
assessments in these stands may provide valuable insight
into carbon allocation patterns among forest ecosystems.
These data support a hypothesis (outlined in Hendricks et
al. 1993) which maintains that decreases in fine root
standing biomass along nitrogen availability gradients are
associated with concurrent increases in turnover rates such
that the production of fine roots increases and the
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proportion of net primary production allocated to fine roots
remains relatively constant.

This hypothesis is also

supported by the findings of Raich and Nadelhoffer (1989)
which indicated that the proportion of carbon allocated to
fine roots was relatively constant across a large site
fertility gradient in forest ecosystems worldwide.

These

results contradict the hypothesis that allocation of net
primary production to fine roots decreases as nitrogen
availability increases in forest ecosystems (Keyes and Grier
1981, Santantonio and Grace 1987, Vogt et al. 1987, Gower et
al. 1992, Kozlowski 1992).

Fine root decomposition along N availability gradients
The significant decrease in fine root lignin:N along
the Blackhawk Island and Arboretum nitrate availability
gradients indicated that, following turnover, the carbon and
nutrient cycling dynamics of these tissues may differ among
sites (Figure 4.2 and Table 4.3) (McClaugherty et al. 1984,
Berg 1986, Melillo et al. 1989, Uphadhyay et al. 1989,
Harmon et al. 1990, Stump and Binkley 1993).

Since nitrogen

retranslocation during fine root senescence is generally
assumed to be non-significant (Nadelhoffer et al. 1985,
Nambiar 1987, Nambiar and Fife 1991), the lignin:N of root
tissues is not expected to change during the turnover
process.

This suggests that the potential decomposition and

nutrient mineralization rates of fine root necromass
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increased along the nitrogen availability gradients among
temperate forest systems (Figure 4.2 and Table 4.3)
(McClaugherty et al. 1984, Berg 1986, Melillo et al. 1989,
Uphadhyay et al. 1989, Harmon et al. 1990, Stump and Binkley
1993).
The relatively large and stable fine root lignin
concentrations (average of 47.6 percent for all sites) and
the increase in nitrogen along nitrate availability
gradients are consistent with the results of other studies
(Figure 4.2, Tables 4.2 and 4.3).

Muller et al. (1989)

reported that fine root (< 1 mm diameter) nitrogen increased
while lignin concentrations (average of 49.5 percent)
remained relatively constant along a nitrogen availability
and species gradient in the mixed mesophytic forest region
of eastern Kentucky.

Hendricks (1994) indicated that red

spruce (Picea rubens Sarg.) and balsam fir (Abies balsamea
(L.) Miller) fine root (generally < 1 mm diameter) nitrogen
and lignin concentrations (lignin averaged 50.8 percent for
spruce and 51.9 percent for fir) also followed this pattern
across a nitrate availability gradient in the northeastern
United States.

In addition to these regional assessments,

other studies have revealed that fine root nitrogen
increased with site fertility, and that lignin
concentrations varied little with resource availability at
smaller spatial scales (Safford 1974, McClaugherty et al.
1982, Margolis and Waring 1986, Marshall 1986, Fahey et al.
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1988, Stump and Binkley 1993).
The chemical assessment of fine roots from different
soil horizons in the Blackhawk Island sites revealed that
root lignin:N also decreased along nitrate availability
gradients within sites (Tables 4.1 and 4.2).

The

significant variation in fine root nitrogen concentration
between horizons is consistent with other reports which
indicated that rootlets function somewhat autonomously in
the fine root system (Philipson and Coutts 1977,
McClaugherty et al. 1982, Friend et al. 1990, Gebauer and
Schulze 1991).

This suggests that fine root carbon and

nutrient cycling dynamics are influenced by and contribute
to the heterogenous nitrogen availability patterns in forest
soils.
The dissimilarity between fine and small root chemistry
in the Arboretum sites indicated that the carbon and
nutrient dynamics of roots in different size classes may
vary even in horizons with relatively homogeneous nutrient
availability (Figure 4.3).

This functional distinction

between size classes may complicate the interpretation and
comparison of results from previous root studies and
stresses the need to develop and employ biologically based
fine root classification criteria in future studies
(Santantonio and Grace 1987, Persson 1986, 1990).
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Comparison of fine root and foliar dynamics among ecosystems
The results of this study combined with the findings of
previous fine root assessments in the Blackhawk Island and
Arboretum sites indicate that root production, turnover, and
potential decomposition rates increased along nitrate
availability gradients spanning a wide variety of temperate
forest types (Aber et al. 1985, Nadelhoffer et al. 1985).
Analogous foliar assessments along these and other nitrogen
availability gradients also revealed increases in
production, turnover (for coniferous species), and potential
decomposition (via decreases in lignin concentrations as
opposed to increases in nitrogen exhibited by fine roots)
rates.

Therefore, these results indicate that fine root and

foliar carbon and nutrient cycling dynamics vary
synchronously along nitrogen availability gradients among
temperate forests, and that positive carbon and nutrient
cycling feedbacks with nitrogen availability may be
established in both the fine root and foliar systems (Chabot
and Hicks 1982, Mooney and Gulmon 1982, Nadelhoffer et al.
1983, 1985, Pastor et al. 1984, Aber et al. 1989, 1990,
Muller et al. 1989, Aber and Melillo 1991, McNulty et al.
1991, Hendricks et al. 1993, Hendricks 1994)
The direct relationship between fine root and foliar
processes may be a valuable tool for monitoring disturbance
impacts in temperate forests.

This relationship implies

that fine root processes, which are relatively difficult to
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assess, may be estimated among forest types using foliar
values, thereby accounting for major pathways of carbon and
nutrient flow (Meier et al. 1985, Nadelhoffer et al. 1985,
Aber and Melillo 1991, Arthur and Fahey 1992).

Therefore,

it is critical to define more clearly the relationship
between fine root and foliar processes, which, coupled with
remote sensing of canopy dynamics, may facilitate the
assessment and prediction of disturbance impacts at large
spatial scales in temperate forest regions (Wessman et al.
1988, Aber et al. 1990).
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Table 4.1. Nitrogen availability indices for the 17 Wisconsin forest sites
used in this study.
Site

Horizon

Depth

Mineralization

Nitrification

(cm)

(kg N-ha'^yr'1)

(kg N -ha'1-yr"1)

Blackhawk Island1
Hemlock (HEM)

organic

0 - 4.7

29

6

Red Pine (RP)

mineral

0 - 10

26

22

White Pine (WP)

humus

0 - 2.7

39

19

21

9

White Oak (WO)

humus

67

3

Red Oak 1 (ROl)

Al

Red Oak 3 (R03)

Al

Sugar Maple 1 (SMI)

Al

Sugar Maple 2 (SM2)

Al

subsoil

subsoil

subsoil

2 .7 - 12.7
0 - 3.2
3 .2 - 13.2
0 - 2.7
2 .7 - 12.7
0 - 3.4
3 .4 - 13.4

25

1

53

19

33

7

60

60

34

34

78

78

28

28

84

84

subsoil

3 .3 - 13.3

49

49

mineral

0 - 20

135

135

Red Oak (RO)

mineral

0 - 20

125

125

White Oak (WO)

mineral

0 - 20

99

99

Sugar Maple (SM)

mineral

0 - 20

94

94

Paper Birch (PB)

mineral

0 - 20

84

36

White Pine (WP)

mineral

0 - 20

81

58

Mixed Pine (MP)

mineral

0 - 20

61

53

White Spruce (WS)

mineral

0 - 20

58

52

Red Pine (RP)

mineral

0 - 20

39

20

subsoil

subsoil

0 - 2.8
2 .8 - 12.8
0 - 3.3

U.W. Arboretum2
Black Oak (BO)

'From Pastor et al. (1984) and Aber et al. (1985).
From Nadelhoffer et al. (1985).
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Table 4.2.
Fine root carbon fraction and nitrogen concentrations for the Blackhawk Island and U.W.
Arboretum study sites.
Site1

Horizon

TNC

Extractives

Cellulose

Lignin

Nitrogen

(%)

(%)

(%)

(%)

(mg-g-1)

Lignin:N

Blackhawk Island
HEM

organic

15.9 (1.7)

32.4 (1.6)

51.7 (2.2

1.66 (0.11)

31.3 (1.4)

RP

mineral

8.84

20.8 (1.7)

35.1 (1.4)

44.2 (1.0

1.34 (0.09)

33.1 (2.1)

WP

humus

9.32 (1.18)*

19.8 (0.9)*

34.8

1.57 (0.10)*

29.1 (1.7)*

11.24 (0.94)*

22.6 (0.4)b

33.8 (0.8)*

45.5 (0.8 a
43.6 (0.4 b

1.30 (0.05)b

33.7 (1.7)b

humus

5.84 (1.45)*

17.1 (1.0)*

31.0 (1.6)*

1.10 (0.13)*

47.8 (7.6)*

subsoil

7.33 (0.84)*

19.9 (0.3)b

34.7 (0.2)b

51.9 (1.3 a
45.3 (0.5 b

1.09 (0.23)*

42.7 (9.6)*

Al

7.09 (0.81)*

16.2 (1.6)*

31.7 (1.0)*

52.1 (2.5 a

1.44 (0.08)*

36.4 (2.8)*

subsoil

6.26 (1.33)*

20.1 (1.6)b

31.4 (0.3)*

48.5 (1.3 a

0.89 (0.03)b

54.4 (3 • 3)b

Al

4.25 (0.54)*

17.2 (0.9)*

33.5 (1.5)*

1.69 (0.04)*

29.2 (0.8)*

subsoil

5.60 (0.67) b

17.9 (2.1)*

35.5 (0.3)*

49.3 (1.8 a
46.6 (1.8 a

1.29 (0.00)b

36.0 (1.4)b

Al

1.73 (0.83)*

13.8 (1.4)*

39.2 (1.4)*

47.0 (1.0 a

2.34 (0.13)*

20.2 (1.2)*

a

1.78 (0.08)b

26.3 (l*6)b

subsoil

WO

R01

R03

SMI

SM2

10.34 (1.96)2
(1.14)

(0.4)*

subsoil

6.43 (0.96)b

15.1 (0.8)*

38.1 (0.8)*

46.8 (1.0

Al

3.04 (0.86)*

12.0 (1.1)*

36.6 (0.5)*

51.4 (1.0 a

1.70 (0.05)*

30.4 (1.3)*

subsoil

4.86 (0.63) b

14.2

34.5 (0.1)b

51.3 (0.6 a

1.66 (0.59)*

32.9 (11.3)*

(0.8)*

VO

00
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Table 4.2 continued.
Site

Horizon

TNC

Extractives

Cellulose

Lignin

Nitrogen

Lignin:N

___________________________ (mg-g1)___________ (%)____________ (%)__________ (%)___________ (%)__________________
U.W. Arboretum
BO

mineral

-

9.8 (1.3)

44.1 (2.2)

45.9

(1.3)

1.92

(0.25)

24.2

(3.2)

RO

mineral

-

13.7 (2.0)

43.9 (2.1)

43.2

(1.9)

1.59

(0.34)

28.2

(6.0)

HO

mineral

-

11.3 (1.0)

42.5 (2.2)

46.3

(2.5)

1.89

(0.25)

24.9

(3.3)

SM

mineral

-

10.5 (1.4)

40.8 (3.3)

49.2

(2.9)

1.43

(0.15)

34.2

(4.1)

PB

mineral

-

11.3

45.9

42.8

HP

mineral

-

13.9 (2.0)

39.8 (1.6)

45.8

HP

mineral

-

11.8

35.5

52.7

1.83

28.9

HS

mineral

-

12.9

40.2

47.0

1.92

24.5

39.9 (1.4)

47.0

RP_________ mineral________ -__________ 13.1 (2.1)

1.66

(2.5)

(2.7)

2.00

1.23

25.8

(0.22)

(0.10)

23.2

38.4

(2.2)

(2.1)

'See Table 4.1 for site abbreviation key.
zValues represent means with standard deviations in parentheses (see Methods). Different letters
within a column for individual Blackhawk Island sites represent significant differences (P < 0.05)
between soil horizons.

vo

vo
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Table 4.3. Regression summary statistics for linear relationships between site nitrate availability
(independent variable) and fine root carbon fraction and nitrogen concentrations (dependent variables)
depicted in Figure 4.2.
Dependent Variables
Statistic1

Data set

n

All samples

23

R2
P
sd

Deciduous samples

15

R2
P
sd

Coniferous samples

8

Extractives

Cellulose

Lignin

0.52

0.46

0.36

0.33

0.0002

0.0016

0.0026

2.5

0.63

0.46

0.0002

0.0032

2.0

NS

3.2

0.27

NS

3.6

NS

~NS

NS

Blackhawk Island -

10

0.59

0.33

P

0.0057

0.0479

sd

U.W. Arboretum coniferous samples

4

1.7

NS

2.3

R2
P
sd

0.41

0.44
0.0040

NS

NS

NS

7.0

0.56

0.48

0.0186

0.0337

0.19

R2

6.7

0.0058
0.29

sd

deciduous samples

Lignin:N

0.0001

R2
P

Nitrogen

3.6

0.64

0.58

0.0034

0.0064

0.26

6.7

0.98

0.87

0.0070

0.0436

0.05

2.5

’The summary statistics in each set are the adjusted R2, probability value. and standard deviation o
the estimate, respectively
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Figure 4.1. Fine root total non-structural carbohydrate
concentration in relation to nitrate availability for the
Blackhawk Island sites. See Table 4.1 for site abbreviation
key. Upper and lower case abbreviations represent samples
from the upper and lower soil horizons, respectively.
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Figure 4.2. Fine root carbon fraction and nitrogen
concentrations in relation to site nitrate availability.
The letters in each symbol refer to site location (A = U.W.
Arboretum, B = Blackhawk Island) and species type (C =
coniferous, D = deciduous), respectively. See Table 4.3 for
summary statistics of linear relationships.
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Figure 4.3. Comparison of fine and small root carbon
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sites. See Table 4.1 for site abbreviation key.
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CHAPTER V

ASSESSING THE EFFECTS OF NITROGEN AVAILABILITY ON FINE ROOT
DYNAMICS IN FOREST ECOSYSTEMS: CONCLUSIONS AND QUESTIONS
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Introduct ion

The studies which comprise this dissertation were
designed to test the hypothesis that fine root and foliage
tissues exhibit similar production, turnover, and
decomposition patterns along nitrogen availability gradients
in forest ecosystems (Nadelhoffer et al. 1985, Raich and
Nadelhoffer 1989, Nadelhoffer and Raich 1992, Hendricks et
al. 1993).

The objectives of this chapter are to (i) review

the generalized theory of foliage - nitrogen interactions
which served as the foundation for this hypothesis, (ii) use
this theory as a model for summarizing the major conclusions
of the fine root studies in this dissertation, and (iii)
outline important questions that must be addressed to gain a
sound understanding of the relationship between fine root
and foliar dynamics in forest ecosystems.

Foliage - nitrogen interactions

As site quality improves, canopy photosynthesis
increases via increases in foliar nitrogen content and/or
leaf area (Figure 5.1) (Field and Mooney 1986, Chapin et al.
1987, Evans 1989, Walters and Reich 1989, Theodorou and
Bowen 1990, Reich et al. 1991).

As a result, leaf tissues

have shorter carbon repay periods (i.e., the time required
to achieve a net positive carbon balance), and, in turn,
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invest less in antiherbivore compounds such as lignin,
astringent phenolics, and terpenes (Mooney and Gulmon 1982,
Coley et al. 1985, Mihaliak and Lincoln 1989, McNulty et al.
1991).

This translates into shorter foliar retention times

(for conifers), which, in association with reduced nutrient
retranslocation efficiencies, results in the deposition of
more readily decomposable leaf litter to the forest floor
(Flanagan and Van Cleve 1983, Nadelhoffer et al. 1983,
Pastor et al. 1984, Staaf and Stjernquist 1986, Albrektson
1988, Millard and Thomson 1989, McNulty et al. 1991),
thereby completing a positive feedback loop for this system
(Figure 5.1) (Aber and Melillo 1991).

A critical question

for forest ecosystem energy and nutrient cycling assessments
is: do the same patterns of carbon allocation and
utilization apply to fine roots?

Fine root - nitrogen interactions

A critical evaluation of published fine root production
estimates supported the hypothesis that root production
increases along nitrogen availability gradients in forest
ecosystems (Figure 5.1) (Hendricks et al. 1993).

This

evaluation also revealed, however, that accurate measurement
of fine root production by current techniques may be
compromised by sampling errors and faulty assumptions,
thereby stressing the need to conduct additional assessments
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of the patterns and controls of root production.

In

pursuing this objective, fine root turnover was identified
as a pivotal process which may provide valuable insight into
root production as well as soil organic matter addition
rates.
A pilot study using a new 15N tracer technique
indicated that fine root turnover rates increased with
nitrogen availability in a red pine (Pinus resinosa Ait.)
stand (Chapter 2).

Based on the carbohydrate allocation

mechanism proposed by Marshall and Waring (1985),
assessments of fine root total non-structural carbohydrate
(TNC) concentrations suggested that fine root turnover rates
also increased with nitrogen availability across temperate
coniferous and deciduous forest ecosystems (Chapter 4).

The

results of these studies support the hypothesis that
decreases in fine root standing biomass along nitrogen
availability gradients are associated with concurrent
increases in turnover rates such that the production of fine
roots increases and the proportion of net primary production
allocated to fine roots remains relatively constant (Figure
5.1)

(Hendricks et al. 1993).

These studies also indicated

that the 15N tracer and TNC turnover assessment techniques
may avoid the major limitations which hinder existing
methods (Chapters 2 and 4).
Surveys of fine root chemistry indicated that nitrogen
concentrations generally increased while lignin (average of
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48.8 ± 3.0 percent for all species and sites) remained
relatively constant along nitrogen availability gradients
within and among forest ecosystems (Chapters 3 and 4,
Appendix C).

Although the fine root nitrogen and lignin

patterns are the converse of those exhibited by foliage
tissues (i.e., foliar nitrogen generally remains constant as
lignin concentrations fluctuate along nitrogen availability
gradients), the lignin:N of fine root tissues decreased
along nitrogen availability gradients which is analogous to
the foliar system.

Since nitrogen retranslocation during

fine root senescence is generally assumed to be
insignificant (Nadelhoffer et al. 1985, Nambiar 1987,
Nambiar and Fife 1991), fine root potential decomposition
rate is predicted to increase along nitrogen availability
gradients, thereby completing a positive feedback loop for
the fine root system (Figure 5.1) (Chapters 3 and 4,
Appendix C).
Therefore, the results of these fine root studies
support the hypothesis that fine root and foliar carbon and
nutrient cycling patterns vary synchronously as a function
of nitrogen availability in forest ecosystems.

These

studies also supported the hypothesis that fine root
dynamics are strongly correlated with nitrate availability
indices suggesting that the form of available nitrogen may
be equally or more important than the total amount in
regulating fine root and foliar dynamics.
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Important questions for future research

Before concluding that fine root and foliar carbon and
nutrient cycling dynamics are positively correlated along
nitrogen availability gradients in forest ecosystems,
additional fundamental questions must be addressed (Figure
5.1).

Most notably, it is critical to conclusively

determine if nitrogen retranslocation during fine root
senescence is an insignificant process.

It is important to

ascertain if the chemical components determined to regulate
foliar decomposition dynamics also regulate fine root
necromass decomposition in the soil system.

In addition, it

is essential to determine if mycorrhizal production,
turnover, and decomposition patterns parallel those of fine
roots along nitrogen availability gradients.
In addition to completing the conceptual model of fine
root dynamics depicted in Figure 5.1, it is critical to more
accurately quantify the rates of fine root production,
turnover, and decomposition along nitrogen availability
gradients.

Techniques highlighted in this dissertation,

such as the elemental budget approaches (Chapter 1), 15N
tracer technique (Chapter 2) , and fine root TNC assessments
(Chapter 4), may prove invaluable in this effort, and they
are therefore worthy of further development and application.
Although there are numerous areas that remain to be studied
in the fine root field, the elucidation of these fundamental
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questions may facilitate a more holistic understanding of
ecosystem structure and function, and provide a strong
foundation for future research.
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Figure 5.1. Potential interactions between nitrogen,
foliage, and fine root dynamics. The top half depicts a
generalized theory of foliage-nitrogen interactions which
maintains that there is a positive carbon and nutrient
cycling feedback in the above-ground system. The bottom
half outlines the current state-of-knowledge regarding fine
root-nitrogen interactions and identifies the major
questions that must be addressed to fully assess the
relationship between nitrogen, foliage, and fine root
dynamics.
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HARVARD FOREST TISSUE CHEMISTRY DATA
1991 TEMPORAL ASSESSMENT
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Fine root sampling in the Harvard Forest chronic
nitrogen addition plots (Petersham, MA) was conducted six
times at approximately monthly intervals from mid-April to
October of 1991 (Table A.l).

Samples were collected from

one 5 m X 5 m subplot within the control, low, and high
treatments of the red pine (Pinus resinosa Ait.) and mixedhardwood stands.

The basic sample unit was a soil monolith

(10 cm width X 20 cm length, and extending to a mineral soil
depth of 10 cm), which facilitated fine root species
identification and reduced plot disturbance.

Five monoliths

were collected from each treatment plot per sample period in
the red pine stands, while eight monoliths per sample period
were collected in the mixed-hardwood plots due to variable
root recovery among species.
Individual monoliths were removed from randomly
selected 0.71 m X 0.71 m cells within each subplot (49 cells
per subplot). A 10 cm X 20 cm wooden template and a metal
skewer (to probe around the perimeter) were used to locate
an area within the cell that was not obstructed by large
coarse roots (i.e., those greater than approximately 3 cm in
diameter) or rocks.

Once located, the monolith was

excavated (with special effort not to severe transverse
coarse roots), bagged, and immediately placed in a cooler (5
- 7°C) for transport.

In the lab, the monoliths were

separated into organic and mineral horizons which remained
on refrigeration (2°C) prior to fine root sorting.
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This study was designed to assess the effects of
nitrogen availability on functionally distinct fine roots
which are relatively short-lived and do not exhibit
secondary growth.

Therefore, rather than use arbitrary size

classes, fine roots were morphologically defined as living,
primary ramifications including mycorrhizal tips that did
not have external suberization or bark development
(generally corresponding to diameters of < 0.5 mm and < 1 mm
for deciduous and coniferous species, respectively).

Root

vitality was assessed visually and manually based on color,
elasticity, and resiliency.
Mineral and organic soil samples were meticulously
sorted by hand (average time of 4 and 6 hours for red pine
and mixed-hardwood monoliths, respectively), with care taken
to remove all fragments that could be distinguished as
living fine root material.

Root samples were visually

screened to remove coarse fragments and non-target species
(i.e., occasional hardwoods in Harvard Forest red pine
samples and herbaceous roots from all samples).

In

addition, samples from the Harvard Forest mixed-hardwood
plots were divided into two classes, red maple (Acer rubrum
L.) and other species, based on color, smell, and
morphological characteristics.

All samples were then washed

with tap water for approximately 15 to 20 seconds using a 18
mesh sieve, paper towel dried to remove excess moisture, and
stored in a freezer for future analyses.
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Fine root samples were dried to a constant weight
(70°C), weighed (Table A.2), and ground using a Wig-L-Bug
Model 6 amalgamator prior to chemical composition analyses.
Following grinding, specific sets of Harvard Forest fine
roots were composited to create more representative samples
and/or attain the minimum mass (approximately 1.2 g)
necessary for analyses.

Red maple and associated general

hardwood (i.e., sorted from the same monolith) samples were
divided into equal halves.

One red maple half served as a

sample for this species, while the other half was added to a
general hardwood half to form a complete hardwood sample.
Red pine, red maple, and complete hardwood samples were then
composited as necessary to obtain the minimum mass and
reground to increase homogeneity.
Prior to chemical composition analyses, each composited
sample was redried (70°C) and subsampled for ash
determination (500°C for 5 hours) in order to express all
indices on an ash free, dry weight basis.

One gram of

tissue was analyzed for proximate carbon fractions using a
wood-products chemistry procedure.

Non-polar extractives

(fats, oils, and waxes), polar extractives (non-structural
carbohydrates and polyphenols), acid-soluble products
(cellulose and hemicellulose), and acid-insoluble components
(lignin, and other recalcitrant constituents such as cutin,
suberin, and tannin-protein complexes) were determined
gravimetrically using a series of digestions (Tables A.4 -
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A.7).

Also, the total non-structural carbohydrate (TNC)

concentration in the polar extractives filtrate was measured
using a Lachat Quikchem Automated Analyzer (QuikChem Method
No. 23-201-00-1-D) (Table A.3).

In addition, approximately

10-15 mg of tissue were measured for total carbon, hydrogen,
and nitrogen measurement using a Perkin-Elmer Model 24OB
Analyzer (Table A.2).

The remaining tissues of each

composited sample were archived.
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Table A.I. Sample collection dates in the Harvard
Forest red pine and mixed-hardwood chronic nitrogen
addition plots.
Collection

Red Pine

Mixed-Hardwood

1

14 April

12 April

2

22 May

28 May and 5 June

3

26 June

2 and 11 July

4

4 August

6 and 8 August

5

3 September

9 and 12 September

6

31 September

2 and 5 October
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Table A. 2. Red pine, mixed-hardwood, and red maple fine root standing biomass (g m ‘2) in the Harvard
Forest chronic nitrogen addition plots by collection date.
Collection Date
T r e a t m e n t Hor

2

1

4

3

6

5

R e d Pine
C o n trol

Low

High

Org

10.69

(5.28)

33.15

(24.19)

16.34

(6.93)

18.86

(11.89)

18.0

Min

31.27

(19.29)

52.59

(25.33)

24.65

(8.04)

25.05

(22.31)

30.08

(18.97)

33.8

Or g

39.46

(19.76)

52.75

(27.44)

27.71

(15.36)

28.94

(23.88)

30.52

(21.29)

56.83

Mi n

39.56

(7.02)

83.04

(30.51)

15.08

(10.2)

39.75

(17.21)

27.47

(6.61)

32.47

(13.15)

Org

23.31

(12.97)

30.77

(15.39)

32.3

(7.65)

22.86

(16.31)

54.78

(30.98)

Min

47.75

(19.41)

74.42

(11.66)

43.71

(17.09)

34.33

(12.56)

32.52

(17.44)

(28.5)

8.71

(30.97)

20.32

(10.02)

14.96

(9.03)
(13.6)
(13.35)

Mixed Hardwood
Co n t r o l

Lo w

High

O rg

41.75

(8.33)

42.67

(16.06)

43.91

(22.25)

40.45

(23.96)

56.55

(17.23)

76.50

(57.51)

Min

31.51

(15.43)

28.93

(18.90)

32.49

(15.85)

29.27

(8.77)

29.42

(13.19)

35.84

(19.51)

Or g

76.33

(29.91)

76.49

(25.42)

112.6

(53.14)

127.0

(50.25)

109.8

(48.65)

144.3

(51.89)

Min

31.21

(14.18)

38.73

(9.33)

30.19

(13.27)

30.18

(20.28)

29.35

(13.93)

38.64

(22.78)

Or g

54.38

(37.12)

71.33

(34.24)

70.32

(20.27)

65.05

(14.55)

79.13

(30.96)

83.07

(31.44)

Min

24.07

(11.77)

50.91

(27.95)

42.11

(19.06)

45.47

(22.08)

31.19

(9.63)

39.02

(13.87)

Or g

3.01

(6.45)

5.78

(4.21)

7.11

(12.1)

3.66

(5.95)

11.07

(5.07)

5.63

Mi n

4.09

(3.08)

7.64

(7.66)

5.48

(6.69)

6.2

13.14

(11.39)

12.07

4.81

(5.94)

13.86

(4.11)

8.23

Re d M a p l e
Co ntrol

Lo w

Or g
Min

High

Or g
Min

8.07
11.2
5.95

(15.7)
(8.16)
(17.1)
(6.84)

7.14

(13.87)
(9.75)

23.72

(16.35)

(17.44)

9.19

(13.2)

29.4

8.46

(6.41)

7.31

(6.13)

10.91

(7.04)

(21.52)

20.74

(10.26)

14.58

(13.76)

14.19

(8.37)

23.16

(15.39)

28.11

(9.63)

16.34

(16.27)

20.71

(11.81)

25.94

(18.02)

12.36

(12.45)

19.84

(9.76)

values represent means with standard deviations in parentheses.
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Note:

13.1

(5.63)

(5.7)
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Table A . 3. Red pine, mixed-hardwood, and red maple fine root nitrogen concentrations (percent of
fine root dry weight) in the Harvard Forest chronic nitrogen addition plots by collection date.
C ollec t i o n Date
Trea t m e n t

Hor

2

1

3

4

6

5

R e d Pine
1.73

1.66

(0.15)

1.60

(0.21)

1.59

(0.07)

1.65

1.22

(0.02)

2.04

(0.13)

Control

org
Mi n

1.16

(0.05)

1.34

(0.21)

1.20

(0.16)

Low

Org

2.33

(0.21)

2.16

(0.13)

2.17

(0.14)

(1.18)

High

Min

1.85

(0.17)

1.54

(0.05)

1.91

(0.18)

1.69

or g

2.74

(0.03)

2.64

(0.13)

2.40

(0.28)

2.39

Min

2.36

(0.12)

2.23

(0.11)

2.14

(0.02)

2.08

1.23

(0.08)

1.26

(0.11)

1.38

(0.05)

1.39

(0.11)

1.68

1.35

(0.15)

1.15

(0.09)

1.88

(0.05)

1.89

(0.06)

1.71

(0.17)

1.69

(0.13)

2.30

(0.04)

2.50

(0.06)

(0.02)

2.06

(0.04)

2.28

(0.02)

(0.10)

1.29

(0.10)

1.25

(0.04)

Mixed Hardwood
Control

Low

High

Org
Mi n

1.01

Or g

1.34

Mi n

0.32

Or g

1.45

Mi n

1.10

(0.14)

(0.03)

1.04

(0.10)

1.04

(0.06)

1.12

(0.03)

1.13

(0.15)

1.05

(0.02)

1.48

(0.09)

1.45

(0.14)

1.45

(0.13)

1.37

(0.07)

1.40

(0.09)

1.07

(0.08)

1.04

(0.01)

1.06

(0.04)

1.02

(0.13)

1.08

(0.03)

1.42

(0.22)

1.41

(0.08)

1.37

(0.05)

1.41

(0.10)

1.50

(0.01)

1.41

(0.02)

1.22

(0.08)

1.40

(0.19)

1.31

(0.05)

1.22

(0.03)

Red Maple
C o n trol

Low

H igh

1.41

1.49

(0.01)

1.46

(0.08)

1.35

(0.07)

1.50

(0.07)

1.35

(0.13)

1.20

1.09

(0.11)

1.18

(0.16)

1.29

(0.05)

1.27

(0.14)

1.14

(0.05)

Or g

1.48

(0.11)

1.43

(0.08)

1.47

(0.11)

1.46

(0.07)

1.37

(0.15)

1.36

(0.10)

Min

1.39

(0.04)

1.17

(0.13)

1.24

(0.03)

1.24

(0.05)

1.10

(0.08)

1.07

(0.06)

Or g

1.66

(0.06)

1.55

(0.14)

1.51

(0.10)

1.50

(0.15)

1.45

(0.13)

1.52

(0.09)

Min

1.18

(0.05)

1.41

(0.17)

1.34

(0.11)

1.42

(0.12)

1.43

(0.10)

1.35

(0.12)

values represent means with standard deviations in parentheses.
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Table A..4. Red pine, mixed-hardwood, and red maple fine root total non-structural
carbohydrate concentrations (mg-g'1 of fine root dry weight) in the Harvard Forest chronic
nitrogen addition plots by collection date.
C ollection Date
Treatment

Hor

1

3

2

4

5

6

R e d Pine
15.6

(2.1)

14.7

(2.9)

15.7

(1.3)

15.7

(1.6)

6.7

(0.9)

13.4

(3.0)

10.2

(2.1)

10.5

(2.2)

9.0

(3.1)

9.9

(2.1)

13.0

(1.9)

15.9

(3.5)

16.6

19.2

(0.8)

(1.3)

8.0

(1.6)

10.0

(4.5)

18.8

(2.4)

10.4

15.8

(3.3)

14.4

(0.7)

8.7

(0.2)

8.8

15.5

(3.2)

15.3

(0.7)

11.9

(1.3)

6.4

(2.0)

8.2

(1.4)

14.4

(1.4)

11.7

(2.9)

14.4

(2.6)

Org

13.8

(5.5)

4.4

(1.5)

7.9

(1.2)

8.5

(0.8)

7.4

(1.8)

7.0

(1.7)

Min

5.8

3.9

(1.0)

6.0

(2.3)

10.5

(1.5)

4.9

(2.4)

2.2

(2.9)

Org

8.5

(1.0)

Control

Or g
Min

6.2

(0.7)

Low

Or g

16.3

(4.2)

Min

12.3

Or g
Min

H igh

11.2

17.2

12.6

M i x e d H a rdwood
Control

Low

H igh

(3.5)

5.1

(0.3)

4.9

(0.7)

6.0

(1.2)

4.5

(1.9)

3.9

4.4

(0.9)

5.4

(1.9)

6.5

(2.7)

4.8

(1.4)

2.2

(0.1)

2.9

(1.0)

6.3

(0.5)

8.3

(0.7)

5.3

(0.9)

3.7

(0.5)

Min

6.4

org

8.7

Min

5.7

3.5

(2.1)

3.1

(0.3)

5.5

(1.3)

2.8

(0.9)

1.7

(0.2)

Org

18.2

13.1

(0.3)

15.0

(2.1)

18.3

(6.7)

16.7

(3.9)

15.8

(5.1)

(1.0)

Red Maple
Control

Low

H igh

15.1

Org

22.5

Min

13.5

Or g

16.2

Min

12.6

9.0

(0.8)

7.9

(1.6)

10.0

(0.9)

17.4

(3.6)

11.2

(2.0)

11.2

(3.4)

11.5

(1.0)

14.7

(4.3)

16.1

(6.4)

14.4

(5.3)

15.2

(8.2)

8.8

(0.4)

12.4

(1.8)

11.0

(1.7)

5.8

(2.9)

(0.02)

14.9

(2.8)

14.3

(4.7)

18.9

(6.3)

12.4

(5.9)

11.0

(3.9)

(5.2)

10.4

(2.0)

9.1

(1.4)

15.2

(3.5)

7.9

(1.2)

9.5

(2.8)

(5.6)

values represent means with standard deviations in parentheses.
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T a b l e A . 5.
R e d p i n e a n d m i x e d - h a r d w o o d f i n e r o o t e x t r a c t i v e c o n c e n t r a t i o n s ( p e rcent o f
fine root d r y weight) in t he H a r v a r d F o r e s t c h r o n i c n i t r o g e n a d d i t i o n p l o t s b y c o l lection
date.

Collection Date
Treatment

Hor

1

2

3

4

5

6

Re d Pine
Control

Low

High

Org

23.4

23.6

(1.1)

2 4.4

Min

19.3

(0.1)

21.8

(1.8)

23.1

(1.4)

24. 9

(1.7)

21.9

(1.2)

22 . 0

(0.6)

20.1

(2.0)

20.6

(1.2)

21. 2

(1.4)

Org

21.0

(0.8)

23.8

(0.5)

2 1.6

(0.4)

20.0

(0.3)

22.0

(2.0)

2 2.8

(0.8)

Min

21.9

(1.5)

22.4

(0.8)

21.5

(0.4)

20.9

(1.2)

23.7

(0.1)

24.1

(0.4)

Org

22.4

(0.1)

21.6

(0.04)

22.1

(1.1)

22.6

21.1

(0.7)

22.9

(1.4)

Min

2 0.4

(1.1)

21.0

(1.3)

21 . 5

(1.7)

21.9

(1.6)

20.0

(0.02)

22.7

(1.5)

Org

22.4

(2.5)

19.6

(0.8)

20.6

(0.4)

2 2.4

(1.0)

23 . 7

(1.3)

20.7

(1.3)

Min

1 6.2

15.2

(0.3)

1 7.5

(1.4)

18.4

(0.8)

20 . 5

(1.4)

15.2

(0.5)

Org

1 9.3

18.0

(0.5)

17.1

(0.7)

19.3

(1.5)

21.4

(1.0)

18.4

(1.5)

Min

17.3

15.6

(1.4)

1 8.5

(2.7)

1 6.5

(0.3)

1 9.9

(0.5)

16.1

(2.7)

Org

1 8.9

1 6.2

(1.9)

18.5

(0.9)

19.5

(0.3)

22.3

(2.8)

17.9

(0.7)

Min

1 4.8

16.8

(2.4)

15.3

(0.7)

16.1

(1.1)

15.8

(2.0)

13.7

(0.1)

Mixed Hardwood
Control

Low

High

No t e :

(1.6)

(1.8)

values represent means with standard deviations

in p a r e n t h e s e s .
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T a b l e A . 6.
R e d p i n e a n d m i x e d - h a r d w o o d £ i n e r o o t c e l l u l o s e c o n c e n t r a t i o n s (percent of
fine root dr y weight) in th e H a r v a r d F o r e s t ch r o n i c n i t r o g e n a d d i t i o n p l o t s b y col l e c t i o n
date.
Collection Date
Treatment

Hor

1

2

3

4

5

6

Red Pine
Control

Low

High

Org

28.1

28.1

(1.3)

28 . 2

(0.03)

29.6

(1.5)

30. 5

(0.4)

33. 1

Min

30 . 8

(1.0)

29.4

(1.0)

32.1

(0.3)

34.2

(2.2)

31.5

(0.5)

31.7

(0.3)

Org

30.1

(2.1)

27.2

(0.5)

2 8.9

(1.6)

31.0

(0.4)

30.0

(2.4)

2 8.8

(0.5)

Min

31.4

(2.1)

30.3

(0.8)

33.1

(0.2)

34.0

(1.0)

32.4

(1.3)

29.8

(0.4)

30.4

(1.2)

31.2

(1.9)

Org

29.3

(0.7)

28.9

(0.4)

26.5

(0.9)

2 9. 6

Min

32.0

(1.0)

31.0

(0.9)

30.1

(0.9)

32.8

(0.5)

34.2

(1.2)

32.3

(1.0)

Org

28.7

(1.4)

27.4

(2.0)

28.9

(0.2)

27.2

(1.0)

28.4

(0.8)

28.3

(0.9)

Min

36.3

3 2.8

(0.5)

3 1.8

(1.6)

33.0

(0.3)

32.4

(1-1)

3 3.6

(0.2)

27.5

(1.5)

28.9

(1.6)

29. 6

(0.6)

28.7

(1.3)

Mixed Hardwood
Control

Low

High

Note:

Org

27.5

(2.9)

27.9

(1.5)

Min

33.5

32.2

(1.2)

31.3

(4.0)

31.7

(0.3)

31. 0

(0.5)

31.0

(0.8)

Org

30.2

(0.9)

30.6

(2.5)

2 9.4

(2.4)

27.1

(1.0)

29. 6

(1.6)

30.4

(1.4)

Min

37.1

3 2.7

(1.5)

34.2

(0.9)

33.1

(0.9)

36.3

(3.7)

35.3

(0.8)

v a l u e s r e p r e s e n t m e a n s w i t h s t a n d a r d d e v i a t i o n s in parentheses.
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T a b l e A. 7.
R e d p i n e a n d m i x e d - h a r d w o o d f i n e r o o t l i g n i n c o n c e n t r a t i o n s (perc e n t of fine
r o o t d r y weight) in t h e H a r v a r d F o r e s t c h r o n i c n i t r o g e n a d d i t i o n p l o t s b y c o l l e c t i o n date.

Collection Date
Treatment

Hor

1

2

3

4

5

6

Red Pine
Control

Low

High

48.3

(2.4)

47.4

(0.1)

48.6

(0.4)

46. 5

(1.0)

42. 0

(0.9)

48.7

(1.3)

45.9

(0.3)

45.7

(0.2)

47.9

(0.7)

4 7.2

(1.1)

48.9

(2.4)

49.0

(1.0)

49.5

(2.0)

49.0

(0.7)

48. 1

(4.3)

48.5

(0.4)

Min

46.6

(1.4)

47.3

(0.2)

45.4

(0.5)

45.1

(0.7)

4 3.9

(0.5)

45.5

(1.2)

Org

48.3

(0.7)

49.6

(0.5)

51.5

(2.4)

47.6

47.7

(1.6)

4 7. 5

(0.5)

4 5.4

(2.1)

4 6.3

(1.1)

4 5. 0

(0.7)

Org

48.5

Min

50.0

Org

47.6

(0.6)

48.0

(1.1)

48.4

(1.7)

Org

48.9

(1.8)

53.0

(2.8)

50.5

(0.6)

5 0.4

(1.7)

4 7.9

(1.0)

51. 0

(2.1)

Min

47.5

52.0

(0.8)

50.7

(2.8)

48.7

(1.0)

47.0

(2.5)

51.2

(0.6)

Org

53.2

54.1

(1.6)

55.4

(2.1)

5 1.8

(0.6)

49.1

(1.5)

5 3.0

(0.8)

Min

49.2

5 2.2

(0.8)

50.2

(1.4)

5 1.9

(0.6)

49.2

(1.0)

52.9

(1.9)

Org

50.9

5 3.2

(1.9)

52.1

(1.8)

5 3.3

(1.2)

48.1

(1.5)

5 1.6

(0.8)

Min

48.1

50.5

(2.0)

50.5

(0.1)

50.8

(0.9)

47.9

(1.7)

51. 0

(0.7)

Min

Mixed Hardwood
Control

Low

High

Note:

(3.4)

(0.9)

values represent means with standard deviations

in parentheses.
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T a b l e A . 8.
R e d p i n e a n d m i x e d - h a r d w o o d f i n e r o o t l i g n i n : N in t h e H a r v a r d F o r e s t c h r o n i c
n i t r o g e n a d d i t i o n p l o t s b y c o l l e c t i o n date.

Collection Date
Treatment

Hor

Low

High

3

5

4

6

•

R ed Pine
Control

2

1

29.4

(4.1)

29.8

(3.9)

30.7

(1.2)

28.3

(2.5)

2 5. 0

(1.3)

37.1

(6.3)

38 . 9

(5.5)

38.0

(6.5)

3 5.9

(4.4)

41.0

(3.9)

21.2

(3.1)

22.8

(1.9)

22.8

(0.7)

24.1

(1.9)

25.7

(2.9)

25. 6

(0.5)

Min

25.4

(1.8)

30.7

(1.1)

23.9

(2.0)

26.8

(1.5)

2 5.8

(2.3)

27. 0

(1.8)

Org

17.7

(0.8)

18.8

(1-D

21.7

(3.5)

19.9

20.8

(1.0)

19.0

(0.2)

Min

20.3

(1.2)

21.5

(1.4)

22.8

(2.6)

22.0

2 2.6

(1.0)

19.9

(1.8)

(1.2)

42.6

(6.1)

36.6

(1.7)

36.5

(3.3)

37.2

(2.0)

41.0

(2.9)

50.5

(3.8)

48.6

(0.3)

43.5

(0.6)

42.3

(7.8)

49.1

(1.3)

36.9

(3.0)

38.6

(4.8)

36.0

(3.6)

35. 8

(1.6)

37.8

(2.0)

48.9

(3.7)

48.3

(0.9)

48.9

(1.9)

48. 8

(5.4)

49.1

(0.3)

3 8.3

(6.5)

3 7.2

(3.2)

39.0

(2.1)

34.2

(2.6)

34.7

(2.7)

33.0

(5.2)

41.6

(2.9)

3 6.9

(6.1)

36.7

(0.3)

41. 7

(1.6)

Org

28.0

Min

43.2

Org

(3.6)

Mixed Hardwood
Control

Low

High

Note:

Org

40.0

Min

47.0

Org

40.2

Min

3 7.2

Org

35.1

Min

43.7

(6.5)

(0.1)

v a l u e s r e p r e s e n t m e a n s w i t h s t a n d a r d d e v i a t i o n s in parentheses.
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Table B.l. Sample collection dates
in the Harvard Forest red pine
control and low chronic nitrogen
addition plots.
Collection

Date

1

15 October 1992

2

26 April 1993

3

11 June 1993

4

2 August 1993

5

14 September 1993

6

25 October 1993
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T a b l e B.2.
F i n e r o o t s t a n d i n g b i o m a s s (grf2) i n t h e H a r v a r d F o r e s t r e d p i n e c o n t r o l a n d l o w c h r o n i c
n i t r o g e n a d d i t i o n p l o t s b y c o l l e c t i o n date.

Collection Date
Treatment

Hor

Control

Org

39.86

(14.58)

44.35

(13.57)

37.38

(14.93)

33.76

(12.17)

17.76

(9.06)

34.81

(18.89)

Min

77.78

(20.59)

65.49

(16.0)

41.79

(21.17)

25.46

(14.52)

33.20

(14.36)

26.94

(8.32)

Org

126.5

(37.18)

75.31

(14.87)

78.92

(27.99)

45.14

(6.83)

46 . 9

(18.69)

4 0 .94

(14.79)

Min

116.2

(21.82)

9 8.04

(10.84)

46.89

(14.06)

41.38

(9.32)

25.57

(8.89)

2 9.03

(3.68)

Low

1

2

3

4

5

6

Note:
v a lu es r e p r es en t m e a n s w i t h stan da rd d e vi at io ns in parentheses.
Reported values are for total
fine roo t pools.
Structural root pools may be calculated based on an average non-structural composition
o f 2 3 . 0 (4.2) p e r c e n t .
Fin e root standing b i o m a s s e st imates for t h e control p l o t are conser va ti ve d ue to
t h e p r e s e n c e o f n o n - t a r g e t s p e c i e s w h i c h w e r e n o t q u a n t i f i e d (see C h a p t e r I I ) .
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Table c.l. Fine and coarse root dry weight (kgha'1) and tissue chemical
indices (percent of root dry weight) in the black oak stand (0-20 cm soil
horizon) by collection date.
Collection Date
Variable

4/25/81

7/7/81

9/15/81

12/5/81

4/24/82

Fine roots (< 0.5 mm in diameter)
Dry wgt (kg*ha*1)

780

938

773

852

860

17.7

18.6

13.2

10.5

11.8

Non-polar (%)

1.7

2.4

2.0

0.7

0.6

Polar (%)

8.6

6.9

5.8

10.2

10.0

Cellulose (%)

44.6

43.5

47.3

44.1

41.2

Lignin (%)

45.0

47.1

45.0

45.0

47.5

Ash (%)

Nitrogen (%)
Lignin:N

2.16
20.8

1.73
27.2

1.60
28.1

1.99
22.6

2.12
22.4

Coarse roots (> 0 .5 mm and < 3.0 mm in diameter)
Dry wgt (kg*ha'1)

1523

2861

1598

1492

1177

Ash (%)

7.3

6.5

5.1

5.1

5.6

Non-polar (%)

0.9

0.6

0.7

1.2

1.1

Polar (%)

10.4

9.4

10.8

11.2

8.3

Cellulose (%)

50.9

51.8

49.4

48.9

46.4

Lignin (%)

37.8

38.3

39.1

38.7

44.2

Nitrogen (%)
Lignin:N

1.20
31.5

1.18
32.5

0.87
44.9

1.16
33.4

1.15
38.4

Note:
see Chapter IV - Methods for definitions of variables and
descriptions of root collection and processing protocols.
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Table C.2. Fine and coarse root dry weight (kgha*') and tissue chemical
indices (percent of root dry weight) in the red oak stand (0-20 cm soil
horizon) by collection date.
Collection Date
Variable

4/25/81

7/7/81

9/15/81

12/5/81

4/24/82

Fine roots (< 0.5 mm in diameter)
Dry wgt (kg'ha'1)

951

972

852

756

859

15.8

15.9

10.9

10.2

7.4

Non-polar (%)

1.0

2.8

5.1

1.4

1.4

Polar (%)

10.1

7.6

6.7

11.4

8.9

Cellulose (%)

41.3

45.7

40.5

43.8

41.1

Lignin (%)

47.5

44.0

48.1

43.4

48.7

Ash (%)

1.98

Nitrogen (%)
LigninrN

24.0

1.56
28.2

1.69
28.5

2.02
21.5

2.18
22.3

Coarse roots (> 0 .5 mm and < 3.0 mm in diameter)
Dry wgt (kgha'1)

1410

1821

2057

1978

1557

5.1

5.0

5.0

1.5

2.1

Ash (%)

5.3

6.8

Non-polar (%)

1.0

0.7

0.7

Polar (%)

12.0

12.0

11.8

11.4

10.5

Cellulose (%)

51.7

50.7

50.4

47.2

47.0

Lignin (%)

35.3

36.6

37.1

39.9

40.4

Nitrogen (%)
LigninrN

0.94
37.6

0.80
45.8

0.75
49.5

1.05
38.0

0.73
55.3

Note:
see Chapter IV - Methods for definitions of variables and
descriptions of root collection and processing protocols.
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Table C.3. Fine and coarse root dry weight (kg-ha'1) and tissue chemical
indices (percent of root dry weight) in the white oak stand (0-20 cm soil
horizon) by collection date.
Collection Date
Variable

4/25/81

7/7/81

9/15/81

12/5/81

4/24/82

1003

1207

1232

Fine roots (< 0.5 mm in diameter)
Dry wgt (kg-ha'1)
Ash (%)
Non-polar (%)

1280

1235

12.8

13.4

13.5

10.8

7.3

3.3

3.0

2.2

2.3

2.0

Polar (%)

11.0

10.4

8.7

14.1

11.6

Cellulose (%)

44.3

45.2

43.5

40.5

45.9

Lignin (%)

41.4

41.3

45.7

43.1

44.5

Nitrogen (%)
Lignin:N

2.14
19.4

1.45
28.5

1.27
36.0

1.42
30.4

1.68
26.5

Coarse roots (> 0 .5 mm and < 3.0 mm in diameter)
Dry wgt (kg'ha'1)

3114

2276
5.0

1355
5.9

2152
5.3

1944
5.3

Ash (%)

4.4

Non-polar (%)

1.1

1.2

2.8

2.1

2.0

Polar (%)

15.2

14.7

13.2

15.8

14.2

Cellulose (%)

55.1

54.5

47.5

50.2

51.6

36.5

32.0

32.2

Lignin (t)
Nitrogen (%)
Lignin:N

28.6
0.99
28.9

29.6
0.82
36.1

0.84
43.4

0.86
37.2

1.02
30.2

Note:
see Chapter IV - Methods for definitions of variables and
descriptions of root collection and processing protocols.
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Table C.4. Fine and coarse root dry weight (kgha"1) and tissue chemical
indices (percent of root dry weight) in the sugar maple stand (0-20 cm soil
horizon) by collection date.
Collection Date
Variable

4/25/81

7/7/81

9/15/81

12/5/81

4/24/82

2022

2118

2084

Fine roots (< 0. 5 mm in diameter)
Dry wgt (kg-ha"1)
Ash (%)
Non-polar (%)

2392

2008

11.0

17.1

12.2

10.8

9.4

0.8

1.3

4.4

0.5

0.6

Polar (%)

10.4

6.8

6.5

11.0

10.0

Cellulose (%)

43.5

43.2

40.8

35.3

41.0

Lignin (%)

45.3

48.7

48.4

53.2

50.5

Nitrogen (%)
Lignin:N

1.65
27.5

1.27
38.3

1.33
36.4

1.39
38.3

1.50
33.7

Coarse roots (> 0.5 m m and < 3.0 mm in diameter)
Dry wgt (kg ha"1)
Ash (%)

1978

1574

6.3

6.5

2655
6.9

2365

1886

5.6

6.6

0.9

0.2

0.6

1.0

0.4

Polar (%)

12.1

9.8

11.1

10.7

8.7

Cellulose (%)

49.9

42.8

53.0

43.5

49.6

47.2

35.3

44.8

41.3

Non-polar (%)

Lignin (%)
Nitrogen (%)
Lignin:N

37.1
1.11
33.4

1.11
42.5

0.69
51.2

0.80
56.0

1.00
41.3

Note: see Chapter IV - Methods for definitions of variables and
descriptions of root collection and processing protocols.
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Table C.5. Fine and coarse root dry weight (kg'ha'1) and tissue chemical
indices (percent of root dry weight) in the white pine stand (0-20 cm soil
horizon) by collection date.
Collection Date
Variable

4/25/81

7/7/81

9/15/81

12/5/81

4/24/82

1160

1434

1218

Fine roots (< 0. 5 mm in diameter)
Dry wgt (kg-ha'1)
Ash (%)

1057

1246

12.7

9.6

9.2
0.9

12.1

15.1

2.9

2.5

2.7

1.6

Non-polar (%)
Polar (%)

11.2

11.4

10.6

15.4

10.4

Cellulose (%)

38.7

39.6

38.9

39.3

42.6

Lignin (%)

47.2

46.4

47.7

41.5

46.1

2.13

Nitrogen (%)
Lignin:N

22.2

2.07
22.4

1.81
26.4

1.71
24.3

2.24
20.6

Coarse roots (> 0.5 mm and < 3.0 mm in diameter)
Dry wgt (kg ha'1)
Ash (%)

2276
5.7

2505
6.6

2614
5.0

2570
5.1

1810
5.0

3.8

4.2

5.3

4.2

5.2

Polar (%)

15.3

13.2

11.5

16.5

11.6

Cellulose (%)

43.4

46.6

44.3

41.7

42.0

Lignin (%)

37.5

36.0

38.9

37.7

41.2

Non-polar (%)

Nitrogen (%)
Lignin:N

1.58
23.7

1.50
24.0

1.34
29.0

1.36
27.7

1.54
26.8

Note:
see Chapter XV - Methods for definitions of variables and
descriptions of root collection and processing protocols.
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Table C.6. Fine and coarse root dry weight (kg-ha'1) and tissue chemical
indices (percent of root dry weight) in the red pine stand (0-20 cm soil
horizon) by collection date.
Collection Date
Variable

4/25/81

7/7/81

9/15/81

12/5/81

4/24/82

2289

2312

2265

Fine roots (< 0.5 mm in diameter)
Dry wgt (kg-ha'1)
Ash («)

2827

3059

17.3

15.5

10.0

9.5

10.6

3.2

4.1

3.7

1.9

2.6

Non-polar (%)

9.1

8.1

12.1

12.7

7.9

Cellulose (%)

39.7

42.2

40.0

39.3

38.3

Lignin (%)

48.0

45.7

44.2

46.0

51.2

Polar (%)

1.37

Nitrogen (%)
Lignin:N

35.0

1.21
37.8

1.13
39.1

1.14
40.4

1.29
39.7

Coarse roots (> 0,.5 mm and < 3.0 mm in diameter)
Dry wgt (kg ha'1)
Ash (%)

1673
5.0

1536
5.4

1882
4.3

1961
4.3

1639
4.4

3.0

3.4

3.9

3.3

3.8

Polar (%)

11.4

9.7

11.4

12.3

9.8

Cellulose (%)

49.1

49.3

48.1

47.0

47.6

Lignin (%)

36.5

37.7

36.6

37.3

38.8

Non-polar (%)

Nitrogen (%)
Lignin:N

0.79
46.2

0.64
58.9

0.68
53.8

0.60
62.2

0.81
47.8

Note:
see Chapter IV - Methods for definitions of variables and
descriptions of root collection and processing protocols.
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Table C.7. Fine and coarse root dry weight (kg-ha'1) and
tissue chemical indices (percent of root dry weight) in the
paper birch stand (0-20 cm soil horizon).

Collection Date
Variable

4/24/82

Fine roots (< 0.5 mm in diameter)
Dry wgt (kg-ha'1)
Ash (%)
Non-polar (%)

1417
11.3
1.0

Polar (%)

10.3

Cellulose (%)

45.9

Lignin (%)

42.8

Nitrogen (%)
Lignin:N

1.66
25.8

Coarse roots (> 0.5 mm and < 3.0 mm in diameter)
Dry wgt (kg-ha'1)

1762

Ash (%)

6.6

Non-polar (%)

1.7

Polar (%)

10.9

Cellulose (%)

45.9

Lignin (%)

41.6

Nitrogen (%)
Lignin:N

1.06
39.2

Note: see Chapter IV - Methods for definitions of variables
and descriptions of root collection and processing
protocols.
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Table C.8. Fine and coarse root dry weight (kg’ha'1) and
tissue chemical indices (percent of root dry weight) in the
mixed pine stand (0-20 cm soil horizon).

Collection Date
Variable

4/24/82

Fine roots (< 0.5 mm in diameter)
Dry wgt (kg’ha'1)

1608

Ash (%)

8.7

Non-polar (%)

2.3

Polar (%)

9.5

Cellulose (%)

35.5

Lignin (%)

52.7

Nitrogen (%)
Lignin:N

1.83
28.8

Coarse roots (> 0.5 mm and < 3.0 mm in diameter)
Dry wgt (kg’ha'1)

2033

Ash (%)

4.0

Non-polar (%)

4.4

Polar (%)

12.5

Cellulose (%)

42.8

Lignin (%)

40.3

Nitrogen (%)
Lignin:N

1.01
39.9

Note: see Chapter IV - Methods for definitions of variables
and descriptions of root collection and processing
protocols.
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Table C.9. Fine and coarse root dry weight (kg-ha'1) and
tissue chemical indices (percent of root dry weight) in the
white spruce stand (0-20 cm soil horizon).

Collection Date
Variable

4/24/82

Fine roots (< 0.5 mm in diameter)
Dry wgt (kg-ha'1)

1283

Ash (%)

9.5

Non-polar (%)

2.8

Polar (%)

10.1

Cellulose (%)

40.2

Lignin (%)

47.0

Nitrogen (%)
Lignin:N

1.92
24.5

Coarse roots (> 0.5 mm and < 3.0 mm in diameter)
Dry wgt (kg-ha'1)

2043

Ash (%)

5.9

Non-polar (%)

3.5

Polar (%)

9.7

Cellulose (%)

46.4

Lignin (%)

40.5

Nitrogen (%)
Lignin:N

1.05
38.6

Note: see Chapter IV - Methods for definitions of variables
and descriptions of root collection and processing
protocols.
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